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I.  INTRODUCTION 


1.1  Background 

Seismic  techniques  have  long  been  recognized  as  important  tools  for 
monitoring  underground  nuclear  weapons  testing.  Teleseismic  monitoring, 
using  stations  beyond  about  3000  km,  generally  has  proven  to  be  quite 
adequate  for  detecting  and  identifying  larger  events  in  areas  of  interest 
where  there  was  a  potential  for  such  testing.  In  fact,  identification  capability 
for  seismic  events  in  the  former  Soviet  Union  using  teleseismic  monitoring 
networks  is  believed  to  extend  down  to  a  magnitude  threshold  near  4.0 
which  corresponds  to  a  yield  threshold  near  one  kiloton  for  a  well-coupled 
nuclear  explosion.  In  addition,  a  long-standing  goal  of  the  DARPA  research 
program  in  nuclear  explosion  monitoring  has  been  to  reduce  the 
identification  magnitude  threshold  to  lower  levels  through  the  utilization  of 
observations  at  regional  seismic  stations.  Unfortunately,  this  goal  has 
proven  to  be  elusive  because  of  the  complexity  of  regional  signals,  their 
dependence  on  propagation  effects,  and  incomplete  understanding  of  source 
influences  on  regional  signal  generation. 

Over  the  past  decade,  S-CUBED  has  conducted  a  systematic  research 
program  designed  to  improve  regional  seismic  discrimination  capability. 
This  research  program  has  produced  a  number  of  significant  findings 
derived  from  both  empirical  observations  and  theoretical  analyses  of 
regional  seismic  signals.  We  focus  here  on  the  latest  results  of  the  empirical 
investigations  directed  at  discrimination  of  Eurasian  seismic  events  recorded 
at  regional  distances  by  Soviet  stations  in  the  Incorporated  Research 
Institutions  for  Seismology  (IRIS)  network  and  by  selected  stations  in  the 
Chinese  Digital  Seismic  Network  (CDSN).  As  described  in  the  report,  the 
high-quality  regional  data  collected  from  these  stations  provide  a  valuable 
resource  for  monitoring  seismic  activity  throughout  much  of  Eurasia  and 
for  testing  regional  discrimination  methodology  in  these  areas. 
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1.2  Prior  Research  Findings 

Over  tl«  years  a  variety  of  regional  discrimination  methods  have  been 
proposed  as  potential  techniques  for  seismic  monitoring  of  underground 
nuclear  weapons  testing.  In  many  cases  these  methods  were  tested  on  ad  hoc 
databases  of  inconsistent  quality;  so  it  was  difficult  to  evaluate  the  relative 
merits  of  different  techniques.  Furthermore,  the  regional  data  sample  used 
to  test  the  methods  was  in  most  cases  drawn  from  events  in  the  western  U.S.; 
and  it  was  uiKertain  to  what  extent  this  experience  could  be  extended  into 
other  regions.  As  part  of  a  systematic  effort  to  identify  the  most  reliable 
regional  discrimination  methods  and  to  extend  them  to  monitoring  of 
Eurasian  events,  S-CUBED  began  assembling  more  than  ten  yetLS  ago  a 
high-quality  digital  database  of  explosions  and  earthquakes  which  could  be 
used  to  test  potential  regional  discriminant  measures.  Early  investigations 
(cf.  Murphy  and  Bennett,  1982;  Bennett  and  Murphy,  1986)  focused  on 
well-controlled  explosions  and  earthquakes  from  the  common  source  area 
near  the  Nevada  Test  Site.  The  idea  behind  these  studies  was  to  identify  the 
most  robust  regional  discriminants  and  then  to  define  procedures  which 
would  enable  extending  those  discrimination  methods  into  uncalibrated 
regions,  sUch  as  the  Soviet  Union.  One  of  the  principal  findings  of  this 
research  was  the  discovery  of  a  new  discriminant  based  on  spectral 
differences  in  the  regional  phase  signals  between  nuclear  explosion  tests  and 
earthquakes,  which  has  subsequently  been  confirmed  by  other  investigators. 
In  particular,!  Lg  signals  for  earthquakes  were  found  to  be  relatively 
enriched  in  high  frequencies  compared  to  nearby  nuclear  explosions  with 
comparable  magnituife  and  comparable  regional  P  spectra  recorded  at  the 
VBLA  array  stations.  On  the  negative  side,  these  studies  also  suggested  diat 
L|/P  amplitude  ratios  measured  in  the  time  domain  were  not  always 
definitive  as  discriminant  measures.  We  have  subsequently  concluded  that 
this  latter  observation  may  have  been  controlled  to  some  extent  by 
limitations  on  the  frequency  band  of  the  seismic  recording  instruments. 
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emphasizing  the  need  for  broad-band  recording  of  regional  signals  for  use  in 
discrimination  monitoring. 

Starting  in  the  early  1980’s,  S-CUBED  also  conducted  investigations 
of  the  monitoring  capability  of  far-regional  stations  in  Eurasia  for 
discrimination  of  events  in  the  former  Soviet  Union.  These  studies 
identified  the  general  character  of  regional  signals  and  pointed  out 
propagation  factors  which  could  potentially  affect  monitoring  capability  at 
those  sites,  including  zones  of  blockage  of  regional  phases  associated  with 
tectonic  structures  in  several  areas  along  the  southern  Soviet  border.  In 
addition,  a  number  of  amplitude  and  spectral  measures  of  regional  signals, 
including  P  and  Lg,  were  tested  on  the  limited  data  available  at  such  far- 
regional  stations  from  events  in  the  vicinity  of  the  principal  Soviet  test  area 
near  Semipalatinsk  with  somewhat  ambiguous  results.  These  measurements 
included  the  Lg  spectral  ratio  discriminant  which  appeared  to  work  so  well 
for  events  in  the  western  U.S.  The  ambiguity  of  the  results  for  these  early 
studies  of  Soviet  events  was  in  no  small  measure  attributable  to  poor  data 
quality  and  limited  bandwidth  of  the  usable  signals  at  these  relatively  distant 
stations.  More  recently,  S-CUBED's  studies  of  regional  discrimination 
capabilities  for  events  in  the  former  Soviet  Union  have  focused  on  the 
utilization  of  data  from  stations  installed  since  1986  in  the  Chinese  Digital 
Seismic  Network  (CDSN)  and  since  1988  in  the  Soviet  IRIS  network.  These 
stations  represent  a  signiBcant  improvement  for  regional  monitoring  from 
two  standpoints:  (1)  the  availability  of  high-quality  digital  data  permitted 
reliable  analysis  of  the  frequency  characteristics  of  the  regional  signals  over 
a  broad  range  of  frequencies  not  previously  available  in  analog  recordings 
from  this  area;  and  (2)  the  locations  of  the  stations  at  regional  distances, 
instead  of  far-regional  and  teleseismic,  enabled  observation  of  more  typical 
regional  signals  whose  frequency  content  and  signal  energy  had  been  less 
severely  altered  by  propagation  effects.  Initial  analyses  of  data  from  these 
new  sources  recorded  at  CDSN  station  WMQ  revealed  differences  in  Lg/P 
spectral  ratios  between  Soviet  underground  nuclear  explosions  and 
earthquakes  at  comparable  ranges  (cf.  Bennett  et  al.,  1989).  Furthermore, 
these  studies  found  that  the  differences  were  often  enhanced  in  certain 
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frequency  bands  en^hasizing  again  the  need  for  taroad-band  recording  and 
signal  content.  The  results  from  WMQ  marked  Lg/P  spectral  ratios  as  a 
potentially  valu^le  regional  discriminant  measure  for  Eurasian  events. 

An  important  product  of  the  S-CUBED  regional  discrimination 
research  program  has  been  the  creation  of  a  large  digital  database  of 
regional  phase  signals  from  a  variety  of  teconic  environments.  This 
database  includes  approximately  2000  waveforms  extending  from  prior  to  P 
through  die  Lg  window  for  some  400  events.  Events  of  all  seismic  source 
types  are  represented  in  the  database  which  includes  underground  nuclear 
explosion  tests,  earthquakes,  mine  blasts,  and  rockbursts  in  mines.  The 
events  cover  a  wide  range  of  tectonic  environments  including  the  Soviet 
Union  and  neighboring  countries,  the  western  U.S.,  eastern  and  central 
N<^  America,  and  southern  Ai>  v  4.  The  data  are  generally  of  high  quality 
and  represent  well-recorded  regional  phase  signals.  The  database  should 
provide  a  valuable  resource  for  testing  alternative  regional  discriminant 
measures  in  a  variety  of  tectonic  environments. 


1,3  Summary  of  the  Current  Research  Program 

The  first  phase  of  the  current  research  program  was  directed  at 
assembling  a  large  database  of  events  covering  a  range  of  tectonic 
environments  throughout  Eurasia  which  could  be  used  to  assess  the 
characteristics  of  regional  phase  signals  across  the  region.  This  large, 
carefully  selected  sample  includes  38  underground  nuclear  explosion  and  68 
earthquakes  iec<^ded  at  Soviet  IRIS  and  CDSN  stations.  In  a  previous  study 
we  described  tlw  characteristics  of  the  regional  signals  at  the  CDSN  stations 
in  some  detail.  Here  we  have  analyzed  the  regional  phase  behavior  for  suites 
of  events  surrounding  each  of  the  four  Soviet  IRIS  stations,  ARU,  GAR, 
OBN  and  KIV.  For  each  station  we  have  described  the  characteristics  of  the 
regional  P  and  Lg  signals  and  have  considered  the  evidence  for  possible 
blockage  of  Lg  by  tectonic  structure,  particularly  in  the  vicinity  of  the 
Caspian  and  Black  seas.  We  find  that  the  regional  signals  observed  at  die 


4 


Soviet  IRIS  stations  are  remarkably  similar  for  events  of  a  common  source 
type  even  if  the  events  are  somewhat  separated.  Overall,  the  good  quality  of 
the  regional  signals  at  these  stations  from  events  throughout  much  of  Eurasia 
indicates  they  could  be  of  great  value  for  seismic  monitoring  in  these  areas. 
In  addition,  the  database  already  assembled  can  provide  an  important 
contribution  to  understanding  propagation  and  extending  regional 
discrimination  techniques  into  new  areas. 

A  primary  goal  of  this  research  program  has  been  to  investigate  the 
feasibility  of  using  high-quality  regional  data  from  stations  like  those  in  the 
Soviet  IRIS  and  CDSN  networks  to  discriminate  Eurasian  events.  In 
preliminary  studies,  using  mainly  observations  made  at  the  CDSN  station 
WMQ,  we  had  found  that  Soviet  nuclear  explosions  in  the  vicinity  of  the  test 
site  near  Semipalatinsk  could  be  separated  from  comparable  earthquakes, 
located  mainly  along  the  southern  Soviet  border  and  in  western  China,  on 
the  basis  of  Lg/P  amplitude  ratios  and  Lg/P  spectral  ratios.  However,  this 
result  remained  somewhat  ambiguous  because  of  the  differences  in  locations 
between  the  different  sources  analyzed  and  the  possible  effects  of 
propagation  path  on  the  regional  signals  which  were  used  in  that  study. 
Therefore,  an  important  result  of  the  research  reported  here  is  the  finding 
that  different  event  types  with  nearly  identical  propagation  paths  also  show 
differences  in  these  broadband  Lg/P  amplitude  ratios  and  Lg/P  spectral 
ratios.  We  found  these  differences  for  a  carefully  selected  sample  of 
regional  phase  recordings  from  a  Lop  Nor,  China  explosion  observed  at  the 
IRIS  station  GAR  and  two  earthquakes  near  GAR  for  which  the  path  to  the 
CDSN  station  WMQ  is  approximately  reciprocal.  More  convincingly, 
similar  differences  in  the  Lg/P  ratios  were  observed  at  IRIS  stations  GAR 
and  ARU  for  Lop  Nor  explosions  and  nearly  co-located  earthquakes.  We 
argue  here  that  this  evidence  provides  a  convincing  case  that  the  differences 
seen  in  broadband  Lg/P  amplitude  ratios  and  Lg/P  spectral  ratios  between 
underground  nuclear  explosions  and  earthquakes  can  be  attributed  to  the 
different  source  types. 
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In  sd^tion  to  these  findings,  we  have  investigated  several  additional 
aspects  of  the  regional  discrimination  problem  for  Eurasian  events.  In 
innticQlar,  we  performed  a  thorough  an^ysis  of  the  Lg/P  amplitude  ratios 
and  Lg/P  spectral  ratios  observed  at  station  ARU  for  a  large  sanq>le  of 
Semipalatinsk  explosions  and  regional  earthquakes.  The  results  indicated 
thitt  earthquake  Lg/P  ratios  were  normally  higher  than  for  the  explosions; 
and  the  Lg/P  spectral  ratios  were  on  average  greater  at  higher  frequencies 
for  the  eardiqttakes  than  for  the  explosions.  We  also  investigated  regional 
discrimination  capability  for  selected  events  in  the  vicinity  of  the 
Semipalatinsk  test  site  for  which  we  were  able  to  assemble  data  from  a 
larger  regional  network.  The  latter  suggested  that  single  station 
discriminant  measurements  may  in  some  cases  provide  deceptive  or 
amblgnotts  results  which  could  be  rectified  by  the  larger  network 
olMorvations.  Finally,  the  results  presented  here  and  in  previous  studies  have 
indicated  the  significant  effects  propagation  path  differences  may  have  on 
regional  phase  observations.  We  have  considered  in  this  report  an  approach 
which  could  be  used  to  adjust  regional  discriminant  measurements,  such  as 
Lg/P  spectral  ratios,  for  the  effects  of  inopagadon. 


1«4  Report  Organization 

The  report  is  organized  into  six  sections  including  this  introduction. 
Section  n  contains  a  review  of  the  general  characteristics  of  the  seismic 
waveform  data  at  each  of  the  Soviet  IRIS  stations  for  all  the  Eurasian  events 
in  the  database.  Properties  of  the  regional  phases,  including  regional  P  and 
Lg,  are  analyzed  and  possible  influences  of  propagation  path  on  the  signals 
tfe  described.  In  Section  in  we  analyze  more  closely  the  regional  signals 
from  die  large  diabase  of  Eurasian  events  observed  at  station  ARU;  and  we 
make  regional  discriminant  measurements  on  the  signals  including  Lg/P  and 
Lg/P  spectral  ratios.  In  Section  IV  regional  discrimination  results  for 
explosions  aiMl  earthquakes  widi  nearly  common  paths  are  presented  which 
demonstnde  that  differences  are  associated  with  the  source  type.  In  atkhtion, 
pCMSible  corrections  to  the  discriminant  measures  to  account  for  propagation 
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differences  are  analyzed.  Section  V  contains  the  results  of  application  of  the 
Lg/P  and  Lg/P  spectral  ratio  discriminants  to  events  in  close  proximity  to  the 
Semipalatinsk  test  site  and  considers  how  larger  regional  networks  might 
improve  discrimination  capability.  Finally,  in  Section  VI  we  summarize  the 
main  results  of  these  studies  and  present  some  specific  plans  for  utilizing  the 
valuable  database  which  has  already  been  collected  to  extend  and  improve 
regional  discrimination  capabilities  throughout  Eurasia,  including  areas 
where  nuclear  weapons  proliferation  may  be  a  cause  for  concern  in  the 
future. 
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IL  THE  REGIONAL  DATABASE  EOR 
EURASIAN  EVENTS 


tA  Tht  R«gii>tlttl  Monitoring  Network  for  Eurasia 

One  of  the  primary  objectives  of  this  research  program  has  been  to 
determine  the  Ch^ncteristics  of  regional  seismic  signt&s  for  events  covering 
a  range  of  tectonic  environments  throughout  Eurasia.  To  investigate  this 
problem  we  have  relied  on  data  recorded  by  two  high-quality  digital  seismic 
networks.  The  first  was  the  Chinese  Digital  Seismic  Network  (CDSN) 
estidjlhihed  in  late  1$86«  and  die  second  was  the  Soviet  IRIS  network  initiated 
in  the  fall  of  1988.  Figure  1  shows  the  locations  of  stations  currently 
operating  in  these  two  networks.  The  CDSN  network  has  relied  primarily 
on  automatic  triggering  for  recording  of  seismic  events;  although  recently  a 
few  stations  haye  been  upgraded  to  continuous  recording.  In  our  analyses  of 
the  CDSN  Obsertations  we  utilized  data  mainly  from  two  stations,  WMQ  and 
HIA,  the  stations  nearest  the  southern  Soviet  border.  As  we  have  described 
in  prelrious  reports,  these  two  stations  are  the  only  CDSN  stations  which 
produce  good  regional  records  through  the  Lg  window  for  Soviet  nuclear 
explosions  and  other  events  along  the  border.  Our  previous  reports 
described  in  detail  the  characteristics  of  the  regional  signals  observed  at 
WMQ  and  NtA,  lUialyzed  the  transmission  path  properties  for  Lg  signals  to 
these  stations^  and  thorou^ly  investigated  regional  phase  signals  at  WMQ 
for  seismic  discrimination  tk  Soviet  underground  nuclear  explosions  and 
nearby  earthctuakes. 

In  this  report  we  will  focus  on  regional  signal  observations  from  the 
Soviet  ttUS  stations,  in  ptuticular,  we  will  be  analyzing  the  signals  from 
Enrisian  srismic  events  recorded  at  four  stations:  ARU,  GAR,  OBN  and 
RIV.  Hhe  additional  Soviet  IRlS  stations  have  only  recently  started 
prodacing  thita  on  a  routine  basis,  so  the  database  available  from  these  new 
stations  is  too  limited  for  meaningful  analyses  at  this  time.  The  Soviet  IRIS 
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stations  include  high-quality,  broad-band  three-component  systems  with 
digital  reccMTding  at  sampling  rates  of  20  samples  per  second.  The  stations 
also  include  lower-frequency  elements  with  lower  sampling  rates,  but  these 
have  not  been  used  in  the  current  study.  For  each  of  these  Soviet  IRIS 
stations,  we  compiled  a  database  of  regional  waveforms  from  all  available 
Soviet  underground  nuclear  explosions  and  a  large  san^le  of  well-record»<l 
eardiquatEes  from  various  tectonic  environments  at  magnitude  and  epicentral 
distance  ranges  which  overlap  for  the  two  different  source  types.  In  all 
cases  we  tried  to  select  only  events  which  produced  identifiable  signals 
extending  from  P  through  Lg  on  the  broad-band  records  for  at  least  one 
station  in  the  two  networks.  The  database  thus  provides  an  excellent  source 
of  high-quidity  regional  signals  for  testing  regional  discrimination  methods. 


2.2  Overall  Properties  of  the  Database 

The  combiired  sample  of  regional  events  recorded  at  the  CDSN  and 
Soviet  IRIS  network  stations  includes  38  underground  nuclear  explosiops 
and  68  earthquakes.  The  locations  of  these  events  are  plotted  in  Figure  2. 
The  underground  nuclear  explosions  for  which  regional  recordings  are 
available  were  located  in  four  different  areas.  The  largest  concentration  of 
underground  nuclear  explosions  with  regional  recordings  from  the  Soviet 
IRIS  and  CDSN  stations  is  the  cluster  near  Semipalatinsk  (including  Shagan 
River  and  Degelen  Mountain  events).  In  addition,  the  database  includes  one 
underground  nuclear  explosion  at  the  Novaya  Zemlya  test  site,  two 
explosions  from  the  Chinese  Lop  Nor  test  site,  and  three  PNE's  in  eastern 
Siberia. 

The  earthquakes  in  the  database  are  located  primarily  in  the  more 
active  tectonic  areas  along  the  southern  Soviet  border.  The  heavier 
concentration  of  events  in  western  China  are  mainly  events  recorded  at 
WMQ  which  were  selected  to  provide  comparable  epicentral  distances  with 
S^iypilatinsk  explosions.  More  distant  earthquakes  from  WMQ  frequently 
did  not  produce  regional  Lg  signals  because  the  station  often  failed  u>  remain 
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Figure  2.  Eurasian  events  for  which  good  regional  seismic  signals  are  currently  available  in  the  database. 


triggered  through  the  Lg  window  for  distant  events.  In  general,  we 
attenuated  to  setect  events  from  a  variety  of  source  areas  to  avoid  potential 
bias  in  the  regional  signal  behavior  for  earthquakes  of  like  mechanism  from 
a  single  area,  such  as  might  occur  in  an  aftershock  sequence.  Furdiermore, 
Oiu  objective  was  to  select  earthquakes  which  provided  a  range  of  epicentral 
distances  imd  azimuths  for  each  station.  The  resulting  database  includes 
events  from  some  unusual  source  areas  (e.g.,  the  north  Caspian  basin,  the 
Ural  Mountains  near  ARU,  and  eastern  Siberia).  In  addition,  we  sought  to 
include  events  from  areas  which  may  be  of  interest  from  the  standpoint  of 
proliferation  and  fhture  clan^stine  testing  (e.g.,  events  in  Iran,  Iraq,  China, 
India  and  Pakistan). 

Tables  1  and  2  summarize  the  event  parameters  and  station  availability 
for  the  underground  nuclear  explosions  and  earthquakes  in  the  database. 
The  nuclear  explosions  cover  a  magnitude  range  from  3.8  to  6.3  mb,  and  the 
earthquakes  are  in  the  magnitude  range  from  4.3  to  6.4  mb.  The  epicentral 
distance  range  covered  by  the  events  in  the  database  is  from  near-regional 
(from  about  100  km)  out  to  far-regional  (in  excess  of  4000  km). 
Surprisingly,  rather  clear  Lg  signals  are  observable  even  at  relatively  large 
far-regional  distances  for  several  events  with  propagation  paths  across  the 
Eurasian  continental  interior,  as  is  described  in  more  detail  below.  It  should 
be  noted  that  waveform  data  may  be  available  at  additional  stations  to  those 
shown  in  the  tabk  fm*  some  of  the  larger  earthquakes.  We  generally  do  not 
Show  data  in  the  table  unless  regional  signals  were  clearly  visible  on  the 
broad-band  records  at  the  station.  Furthermore,  in  attempting  to  fill-in  the 
coverage  for  individual  stations,  we  did  not  always  include  in  the  database 
the  wavefctfms  from  more  distant  stations  if  those  earthquakes  duplicated 
profMigation  paths  at  tl»  latter  suitioos  or  if  the  events  were  expected  to  have 
low  signal-to-noise  levels  at  the  distant  stations. 
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Table  1.  Eurasian  Nuclear  Explosions  -  Regional  Recordings 


Dale 

Dav 

OrisinTliiie 

Ut.'’N 

Lon.®E 

Stations 

03/12/87 

(071) 

01:57:17.2 

49.94 

78.82 

5.5 

WMQ 

04A)3/87 

(093) 

01:17:08.0 

49.93 

78.83 

6.2 

WMQJDA 

05A)6/87 

(126) 

04:02:05.6 

49.83 

78.13 

5.6 

WMQ 

06/06/87 

(157) 

02:37:07.0 

49.86 

78.11 

5.3 

WMQ 

06/20/87 

(171) 

00:53:04.8 

49.91 

78.74 

6.1 

WMQ.HIA 

07/06/87 

(187) 

23:59:56.7 

61.50 

112.80 

5.1 

HIA 

07/17/87 

(198) 

01:17:07.0 

49.80 

78.11 

5.8 

WMQ 

07/24/87 

(205) 

01:59:56.8 

61.48 

112.75 

5.1 

HIA 

08/02/87 

(214) 

00:58:06.8 

49.88 

78.93 

5.9 

WMQ,HIA 

08/12/87 

(224) 

01:29:56.8 

61.46 

112.76 

5.0 

HIA 

11/15/87 

(319) 

03:31:06.7 

49.87 

78.79 

6.0 

WMQ,HIA 

12/13/87 

(347) 

03:21:04.8 

49.99 

78.84 

6.1 

WMQ.HIA 

12/20/87 

(354) 

02:55:06.7 

49.83 

78.00 

4.8 

WMQ 

12/27/87 

(361) 

03:05:04.7 

49.86 

78.76 

6.1 

WMQ,HIA 

02/06/88 

(037) 

04:19:06.3 

49.80 

78.06 

5.0 

WMQ 

02/13/88 

(044) 

03:05:05.9 

49.95 

78.91 

6.1 

WMQ 

04/03/88 

(094) 

01:33:05.8 

49.92 

78.95 

6.1 

WMQ,HIA 

04/22/88 

(113) 

09:30:06.9 

49.82 

78.12 

4.9 

WMQ 

05A)4/88 

(125) 

00:57:06.8 

49.93 

78.77 

6.1 

WMQ 

06/14/88 

(166) 

02:27:06.4 

50.05 

79.01 

5.0 

WMQ 

09/14/88 

(258) 

04:00:00.0 

49.87 

78.82 

6.3 

ARU,GAR,KIV,OBN,WMQ, 

HIA 

09/26/88 

(270) 

07:45:00.0 

49.90 

78.00 

3.8 

ARU 

10/18/88 

(292) 

03:40:06.4 

49.87 

78.19 

4.9 

ARU,GAR,WMQ 

11/12/88 

(317) 

03:30:07.2 

50.64 

79.15 

5.8 

ARU,GAR,WMQ 

11/23/88 

(328) 

03:57:07.6 

49.96 

78.09 

5.1 

ARU,GAR,OBN,WMQ 

12/04/88 

(339) 

05:19:53.6 

73.49 

54.18 

5.7 

No  IRIS  Recordings.  CDSN 
Ponly 

12/17/88 

(352) 

04:18:06.8 

49.76 

78.83 

5.9 

ARU,OBN,WMQ,HIA 

12/28/88 

(363) 

05:28:00.0 

50.00 

79.00 

3.9 

ARU 

01/22/89 

(022) 

03:57:06.5 

49.93 

78.87 

6.0 

ARU,HIA 

02/12/89 

(043) 

04:15:10.6 

50.67 

78.31 

5.8 

ARU,WMQ,HIA 

02/17/89 

(048) 

04:01:07.1 

49.91 

78.09 

5.0 

ARU,GAR,WMQ 

07/08/89 

(189) 

03:47:01.9 

50.66 

78.51 

5.6 

ARU,GAR,KIV,OBN.WMQ, 

HIA 

09/02/89 

(245) 

04:17:01.6 

50.85 

78.94 

5.4 

ARU(OnlyP),WMQ 

10A)4/89 

(277) 

11:29:57.6 

49.75 

78.01 

4.6 

Only  OBN.  Low  S/N. 

10/19/89 

(292) 

09:49:59.7 

50.47 

78.72 

6.0 

ARU,OBN,WMQ,HIA 

05/26/90 

(146) 

07:59:57.8 

41.57 

88.69 

5.4 

ARU,KIV 

08/16/90 

(228) 

04:59:58.7 

41.76 

88.77 

6.2 

ARU,GAR,KIV,OBN 

10/24/90 

(297) 

14:57:54.7 

72.S6 

54.66 

5.4 

ARU,GAR,OBN 
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Tabte  2.  Eurasian  Eiffthquakes  -  Regional  ReconHngs 


Dale 

Dw 

OriainTliiie 

Lat^N 

Lon.®E 

Stati(H)$ 

11/18/86 

(322) 

13:27:01.0 

40.06 

77.56 

4.7 

WMQ 

12/14/86 

(348) 

03:19:17.0 

47.31 

83.31 

5.0 

WMQ 

12/20/86 

(354) 

23:08:16.5 

36.75 

93.66 

5.3 

WMQ 

01A)5/87 

(005) 

22:52:46.5 

41.96 

81.32 

5.9 

WMQ 

01/24/87 

(024) 

08:09:21.0 

41.53 

79.32 

5.9 

WMQ 

01/24/87 

(024) 

13:40:40.0 

41.44 

79.25 

5.2 

WMQ 

03mm 

(064) 

02:33:39.0 

35.41 

87.39 

4.5 

WMQ 

04/09/87 

(099) 

07:25:35.7 

35.50 

87.07 

4.8 

WMQ 

04/09/87 

(099) 

20:01:18.0 

35.59 

80.47 

4.9 

WMQ 

04/30/87 

(120) 

05:17:37.0 

39.76 

74.57 

5.7 

WMQ 

06/08/87 

(159) 

13:30:36.0 

39.79 

74.69 

5.1 

WMQ 

08/05/87 

(217) 

10:24:21.0 

41.36 

82.11 

4.8 

WMQ 

09mm 

(246) 

09:08:12.0 

38.83 

75.32 

4.8 

WMQ 

09/16/87 

(259) 

17:57:26.4 

52.09 

95.70 

4.8 

WMQ 

09/inm 

(261) 

21:58:41.0 

47.02 

89.66 

5.3 

WMQ 

10/06/87 

(279) 

13:06:20.3 

43.44 

88.55 

4.8 

WMQ 

17mm 

(337) 

23:51:43.0 

39.54 

77.55 

4.7 

WMQ 

12/06/87 

(340) 

16:20:45.2 

37.44 

94.61 

4.7 

WMQ 

12/17/87 

(351) 

12:17:25.0 

41.94 

83.20 

5.1 

WMQ 

12/22/87 

(356) 

00:16:39.0 

41.36 

89.64 

5.9 

WMQ 

01/02/88 

(002) 

22:02:36.0 

40.06 

77.34 

4.9 

WMQ 

01/09/88 

(009) 

03:55:05.3 

39.09 

71.50 

5.4 

WMQ 

02/08/88 

(039) 

17:49:19.8 

43.73 

83.76 

4.3 

WMQ 

03/25/88 

(085) 

0?JJ:56.0 

44.71 

79.60 

4.5 

WMQ 

04/01/88 

(092) 

01:27:16.2 

47.53 

89.65 

4.6 

WMQ 

05/02/88 

(123) 

02:13:26.0 

40.26 

82.20 

4.9 

WMQ 

05/25/88 

(146) 

00:05:23.0 

40.57 

77.62 

4.9 

WMQ 

05/25/88 

(146) 

18:21:58.0 

42.01 

85.69 

5.2 

WMQ 

06/17/88 

(169) 

13:30:45.0 

42.94 

77.50 

5.3 

WMQ 

06/30/88 

(182) 

15:25:15.5 

50.23 

91.14 

5.0 

WMQ 

07/23/88 

(205) 

07:38:09.0 

48.72 

90.51 

5.5 

WMQ 

09/25/88 

(269) 

20:52:14.7 

37.18 

71.81 

5.5 

ARU.OBN.WMQ 

11/05/88 

(310) 

02:14:30.3 

34.35 

91.88 

5.9 

ARU 

11/15/88 

(320) 

16:56:45.9 

42.08 

89.40 

5.0 

WMQ 

12/07/88 

(342) 

07:41:24.2 

40.99 

44.19 

6.2 

OBN.OAR 

12/15/88 

(350) 

06:40:51.7 

46.50 

95.58 

5.3 

ARU.OBN 

12/21/88 

(356) 

08:21:04.0 

41.22 

72.30 

5.4 

ARU 

12/27/88 

(362) 

23:14:07.0 

36.59 

83.56 

5.0 

ARU 

01/22/89 

(022) 

23:02:07.1 

38.47 

68.69 

5.3 

ARU^OAR 

02/12/89 

(043) 

23:49:17.0 

51.00 

84.17 

4.6 

ARU,OAR.WMQ 

03/05/89 

(064) 

13:48:41.6 

42.51 

74.63 

4.8 

ARU, OAR 

03/13/89 

(072) 

13:02:14.7 

50.71 

9.90 

5.4 

OBN  rockburst 

03/14/89 

(073) 

08:42:05.4 

40.12 

79.32 

4.6 

OAR 

03/31/89 

(090) 

00:44:13.8 

31.87 

37.54 

4.6 

KIV 

04/09/89 

(099) 

02:54:04.3 

36.64 

42.21 

4.6 

KIV 

04/20/89 

(110) 

22:59:54.0 

57.17 

121.98 

6.1 

ARU,OAR,WMQ,HIA 
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Stations 


Dale 

Dav 

OrieinHine 

Lat.®N 

Lon.‘*E 

04/27/89 

(117) 

23:06:52.2 

37.03 

28.18 

5.3 

05/10/89 

(130) 

20:19:21.9 

33.22 

75.52 

4.8 

05/14/89 

(134) 

11:46:55.9 

50.84 

51.24 

4.5 

05/16/89 

(136) 

09:48:50.9 

43.50 

83.63 

4.3 

05/30/89 

(150) 

23:15:50.3 

40.43 

63.39 

4.7 

07/21/89 

(202) 

06:20:47.8 

40.86 

79.07 

5.0 

08/03/89 

(215) 

07:42:41.0 

43.59 

45.36 

5.0 

09/13/89 

(256) 

07:01:31.4 

37.28 

54.22 

5.1 

09/16/89 

(259) 

02:05:08.9 

40.34 

51.53 

6.4 

09/17/89 

(260) 

00:53:39.7 

40.20 

51.75 

6.1 

10/08/89 

(281) 

15:49:29.5 

36.25 

82.58 

5.1 

12/28/89 

(362) 

14:29:28.8 

40.47 

63.42 

4.6 

01/21/90 

(021) 

07:53:31.9 

41.53 

88.73 

4.6 

03/28/90 

(087) 

21:58:31.4 

36.49 

87.38 

4.8 

04/03/90 

(093) 

22:02:37.1 

43.42 

17.39 

5.1 

04/09/90 

(099) 

08:32:09.7 

42.87 

68.67 

4.6 

05/28/90 

(148) 

00:35:50.7 

55.26 

58.70 

4.5 

05/28/90 

(148) 

02:41:28.2 

55.23 

58.68 

4.5 

06/14/90 

(165) 

12:47:28.8 

47.87 

85.08 

6.1 

06/17/90 

(168) 

04:51:45.5 

27.40 

65.72 

5.9 

08/03/90 

(215) 

09:15:06.1 

47.96 

84.96 

6.0 

11/03/90 

(307) 

17:25:14.0 

40.88 

89.07 

5.1 

KIV.OBN 

GAR 

ARU,KIV,OBN 

ARU.GAR 

GAR,K1V 

GAR,KIV,OBN 

ARU,GAR,KIV.OBN 

ARU.OBN 

ARU.OBN 

ARU.OBN 

ARU 

ARU 

GAR 

GAR 

OBN 

ARU.GAR 

OBN.KIV 

OBN.KIV 

ARU.GAR.KIV.OBN.WMQ. 

HIA 

GAR 

ARU.GAR.OBN.WMQ 

ARU.GAR 
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1,^  Generti  Noise  Characteristics  of  the  Soviet  IRIS  Stations 

Ift  a  previous  report  (cf.  Bennett  et  al,  1990b)  we  reviewed  the 
background  noise  characteristics  of  the  Soviet  IRIS  stations  as  observed  by 
Given  (1990).  Given  measured  the  seismic  background  noise  in  different 
fiecpiency  bands  as  a  function  of  the  time  of  day  and  time  of  year  at  each  of 
the  initial  fbur  Soviet  IRIS  stations.  Concentrating  on  Given's  noise 
measurements  near  1  Hz,  the  frequency  range  of  most  interest  for  regional 
signals,  average  noise  levels  were  found  to  be  lowest  at  ARU  and  greatest  at 
OBN.  However,  the  noise  levels  at  ARU  also  showed  large  scatter, 
indicating  that  there  are  times  when  the  seismic  noise  conditions  are 
significantly  wcm^  there  than  the  average  values  would  imply.  Overall  the 
noise  con^arisons  suggested  that  GAR  and  ARU  were  better  sites  than  KIV 
or  OBN. 

Given  (1990)  derived  detection  thresholds  for  Lg  signals  at  each  of  the 
Soviet  IRIS  stations  as  a  function  of  epicentral  distance  using  a  local 
magnitude  formula  for  Scandinavia  to  represent  Lg  attenuation.  To  develop 
detection  thresholds  at  the  Soviet  IRIS  stations  which  would  be  more 
n^uesentative  of  attenuation  in  die  Soviet  Union,  Bennett  et  al  (199(H))  used 
Lg  hiagnitutte  residuals  at  the  Soviet  IRIS  stations  to  develop  an  Lg 
attenuation  model  for  each  station  and  dien  applied  that  model  to  derive  the 
Lg  detection  thresholds  using  the  1  Hz  average  noise  levels  measured  by 
Given.  I^iguire  3  shows  these  detection  thresholds  for  Lg  magnitudes  as  a 
fiinction  of  epicentral  distance.  Over  most  regional  distances  the  lowest 
(hdection  du^hold  is  at  station  ARU.  Interestingly,  although  station  OBN 
hks  a  relatively  high  noise  level,  it  also  has  very  low  attenuation  fm:  Lg 
signals;  SO  beyond  1000  km  it  has  the  second  lowest  or  even  lowest  Lg 
defeecdott  dueslfold  of  die  IRIS  stations.  In  contrast,  GAR,  which  has  a  very 
low  background  noise  level,  has  high  attenuation;  so  the  Lg  detection 
^feshold  diete  is  higher  than  at  the  other  stations  for  ranges  beyond  about 
IddO  km.  ThttSi  assuming  that  Lg  signals  at  or  above  the  noise  level  can  be 
ikiteeted,  die  results  in  Figure  3  would  indicate  fairly  low  detection 
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duesholds  at  all  the  Soviet  IRIS  stations  for  1  Hz  Lg  signals.  Out  to  1000 
km  events  with  Lg  magnitudes  above  about  2.5  should  be  detected. 
However,  it  is  wturth  noting  that  from  the  standpoint  of  discrimination  this 
Uireshold  may  be  overly  optimistic  because  higher  frequencies  required  for 
discriminatitm  may  not  be  detectable.  Furthermore,  difficulty  in  observing 
regicmal  signals  at  the  Soviet  IRIS  stations  for  ever  some  larger  events  (cf. 
Boinett  et  al.,  199(%})  suggests  that  the  Lg  detec  don  thresholds  in  fact  may  be 
smnewhat  larger  than  predicted  on  the  basis  of  diese  noise  measurements. 


2.4  Regional  Signals  at  Individual  Soviet  IRIS  Stations 
2.4.1  Waveforms  at  Arti  (ARU) 

Since  the  Soviet  IRIS  network  was  first  installed,  station  ARU  has 
proven  to  be  one  of  the  most  reliable  stations.  This  was  particularly  true 
durng  early  stages  of  network  operation  (viz  late  1988  and  early  1989) 
when  many  of  the  underground  nuclear  explosions,  which  are  included  in 
the  database,  occurred.  As  a  result  ARU  recorded  many  of  these  events 
while  some  of  die  other  Soviet  IRIS  stations  were  inoperative.  In  addition, 
as  described  above,  the  Lg  detection  threshold  ftu'  die  ^minant  1  Hz  signals 
is  lowest  at  ARU  conqiared  to  tl^  other  network  stations.  Therefore,  it  is 
not  surprising  that  the  database  includes  more  ARU  records  of  Eurasian 
underground  nuclear  explosions  than  are  available  for  any  of  the  other  IRIS 
stations.  In  a  previous  report  (cf.  Bennett  et  al.,  1990b)  we  showed  that 
ARU  recorded  detectable  Lg  signals  from  Shagan  River  nuclear  explosions 
with  magnitudes  as  low  as  3.8  mb  at  the  station  range  of  15(X)  km.  ARU  also 
records  good  regional  signals  from  events  in  the  active  tectonic  zone  along 
the  stHithem  border  of  the  Soviet  Union  at  ranges  from  17(X)  to  23(X)  km 

Figure  4  shows  ^  map  of  the  locations  of  events  in  the  database  for 
which  good  regional  records  are  available  at  station  ARU.  These  events 
include  16  underground  nuclear  explosions  with  magnitudes  in  the  range 
from  3.$  to  6.3  mb  (cf.  Table  1  above).  The  nuclear  explosions  wNe 
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Figure  4.  Regional  events  recorded  at  station  ARU. 


located  tnainly  ia  die  Seaupdatinsk  area  (R  »  1500  km),  but  dso  at  Novaya 
Zemlya  (R  »  1850  km),  and  at  Lqp  Nor  (R  »  2710  km).  The  database  for 
ARU  also  indudes  24  ewtbquakes  with  magnitudes  from  4.3  to  6.4  a^)  (cf. 
Td>le  2  above).  The  latter  events  occurred  primarily  along  the  soudiem 
Soviet  border  Iwt  also  include  earthquakes  in  the  Ural  Mounudns,  the 
ooctbeni  Ca^Han  basin,  eastern  Siberia,  and  western  China.  The  epicentral 
distttK^s  for  die  eardupudces  in  die  datdiase  for  ARU  are  in  the  range  from 
130  km  to  3740  km.  Therefore,  the  earthquakes  in  the  ARU  database 
ov«1ap  the  expiosios^  in  bodi  magnitucte  and  distance  range. 

The  chiuacterisdcs  of  the  regional  seismic  signals  recorded  at  ARU 
are  shown  in  Finite  5.  This  display  shows  a  suite  of  vertical  component 
recmrds  arranged  approximately  in  mrder  of  det^easing  azinmth  starting 
finmi  events  in  die  west-southwest.  The  regional  P  signals  are  approximately 
aligned  shordy  after  the  beginning  of  the  records  (about  50  seconds  past  the 
start).  The  start  time  for  Lg  is  indicated  on  the  records  by  the  small  circle  at 
a  group  vdocity  of  3.6  km/sec.  We  have  displayed  only  one  nuclear 
explosion  record  frcan  each  of  die  different  test  sites  and  these  are  denoted 
by  asterisks.  In  most  cases  the  earthquakes  {H'oduce  clearly  identifiable  Lg 
rignals  with  ao^litudes  normally  linger  than  the  regional  P  on  these 
broadband  records.  In  a  few  instances  the  Lg  are  harder  to  identify  because 
of  large,  lower-frequency  noise;  but  closer  inspedion  of  the  records  and 
band-pass  frltering  of  the  records  reveals  the  presence  of  the  Lg  in  diese 
cases.  More  jvdilemdic  with  regard  to  Lg  are  five  events  located  in  the 
viciiiity  of  the  Caspian  Sea  (vie  08/03/89, 12/07/88, 09/16/89, 09/17/89,  and 
09/13/89).  In  all  five  of  these  earthqudes  Lg  signals  are  not  visible, 
^ar^y  being  buried  in  relatively  large  S  coda.  We  attribute  the  lade  of 
Lg  in  these  events  to  blockage  due  to  propagation  through  the  nordi  Caspian 
hasio  which  previous  studies  have  found  to  impede  Lg  transmission.  This 
obs^atum  will  be  discussed  more  dica-oughly  in  a  subsequent  section  of  this 
report. 

With  regard  to  the  nuclear  explosion  regional  signals  at  ARU,  for 
both  Lop  Nor  and  Novaya  Zemlya  events  the  Lg  signals  are  significantly 
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Hguie  5.  Vertical-component  waveforms  at  ARU  from  events  in  the  database  with  Lg  starts  indicated  by  solid  circles. 


weaker  than  the  strong  P  phases.  In  fact,  for  Novaya  Zemlya  the  signal 
is  indistinct,  being  buried  in  S  coda.  The  record  shown  here  for  the 
Semipalatinsk  explosion  (viz  10/19/89)  is  typical  of  the  waveforms  from 
other  explosions  in  that  area  recorded  at  ARU.  On  the  Ixroad-band  records 
the  Lf  signals  are  typically  about  the  same  amplitude  as  the  P  signals. 
Howevn*,  band-pass  filtering  of  these  signals  shows  the  Lg/P  amplitude 
ratios  are  usually  mudi  lower  than  one  at  higher  frequencies.  More  detailed 
frequency  analyses  of  the  regional  phase  signals  at  ARU  and  the  use  of  this 
observation  as  a  discriminant  is  described  in  Section  m  of  diis  report. 


2.4.2  Wavefonns  at  Garm  (GAR) 

In  contrast  to  ARU,  station  GAR  experienced  numerous  interruptions 
in  service  during  the  first  year  of  IRIS  network  operation.  Nevertheless, 
OAR  recorded  several  Semipalatinsk  nuclear  explosions  during  late  1988. 
The  reason  for  diis  spears  to  be  either  that  the  station  was  only  turned  on  at 
the  times  of  nuclear  explosions  or  recordings  at  GAR  were  not  always 
retained  unless  a  significant  signal  was  recorded.  As  described  above,  the 
background  noise  levels  at  GAR  are  almost  as  low  as  at  ARU  and  lower  than 
those  at  die  other  Soviet  IRIS  stations  described  here.  However,  this  does 
not  necessarily  translate  into  a  lower  Lg  (tetection  threshold  at  GAR  because 
of  an  aj^arant  increase  in  attenuation  in  diis  more  active  tectonic  region.  In 
spite  of  these  problems,  GAR  recorded  good  regional  signals  from 
Semipalatinsk  explosions  at  the  station  range  of  1390  km  as  well  as 
important  regional  recordings  from  a  nuclear  explosion  at  Lop  Nor,  C^iina 
at  a  range  of  1590  km.  GAR  also  provides  good  regional  signals  from 
earthquakes  in  the  southern  Soviet  border  tectonic  zone  and  other  weas  to 
die  south. 


Hie  map  in  Figure  6  shows  die  locations  of  the  events  in  die  datriiase 
for  which  good  regional  records  are  available  at  station  GAR.  The  OAR 
events  include  eight  underground  nuclear  explosions  having  magnitudes 
between  4.9  and  6.3  mb  (cf.  Table  1  above).  Most  of  these  explosicms  were 
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located  at  the  Sefnit>alatiiisk  test  site  (R  »  1390  km);  one  was  located  at 
Novaya  Zemlyd  (tt  «  3870  km),  and  another  at  Lop  Ncn*  (R  «  1590  km). 
The  eartfii|uakes  in  the  GAR  database  include  18  events  with  magnitu^s 
between  4.3  intd  6.1  mb  (cf.  Table  2  above).  Many  of  these  earthquakes 
occunbd  in  die  southern  Soviet  border  tectonic  zone  and  in  western  China, 
attihiugh  waveforms  are  also  available  from  events  in  eastern  Siberia,  India, 
and  Pakistan.  The  epicentral  distances  for  the  earthquakes  at  GAR  are 
between  150  km  and  4220  km.  So  again  there  is  overliq>  in  the  magnitude 
and  distance  range  of  events  in  die  GAR  database. 

Figure  7  shows  the  regional  signal  characteristics  at  GAR  for  a  suite 
of  vertical-component  records  arranged  approximately  in  order  of 
decreasing  azimudi  around  the  station  starting  with  the  west-northwest.  In 
the  di^lay  we  again  show  one  underground  nuclear  explosion  from  each  test 
site,  as  marked  by  the  asterisks.  In  nearly  all  cases  the  earthquakes  recorded 
at  GAR  are  observed  to  have  strong  Lg  signals  (Lg  window  start  times  are 
marked  by  the  small  circles  on  each  waveform).  For  these  earthquakes  the 
maximum  amplitudes  in  the  Lg  windows  are  almost  always  larger  than  the 
cotrespondiog  regional  P  signals  observed  on  diese  broad-band  records. 
Exceptions  igaitt  are  the  two  earthquakes  from  west  of  the  Caspian  Sea  (viz 
08/03/89  and  11/07/88).  For  both  of  these  earthquakes,  the  Lg  signals  are 
indistinct  and  appear  to  bt  buried  in  the  coda  of  the  regional  S.  This 
observation  again  appears  to  be  associated  with  blockage  of  Lg  transmission 
by  structure  in  tiie  vicinity  of  tl^  Caspian  Sea,  which  will  be  described  more 
con^letely  in  a  subsequent  section  of  diis  report. 

For  the  underground  nuclear  explosions  at  GAR,  the  Lg  signals  from 
the  Lop  Nor  and  Novaya  Zemiya  events  (viz  08/16/90  and  1(1/24/90)  are 
smaller  than  tiie  corresponding  P  signals  in  these  broad-band  displays.  In 
fact*  the  signal  in  the  Lg  window  for  the  Novaya  Zemlya  explosion  is  Very 
weak  and  practically  indistinct  in  the  S  coda.  On  the  other  hand,  the  Lg 
Sigmd  from  die  Semipalatlnsk  nuclear  explosion  (viz  09/14/88)  is  fairly  large 
and  binder  titan  tiie  corresponding  P  on  the  broad-band  records.  From  the 
statit^Oint  of  discrimination,  a  valuable  comparison  can  be  made  between  the 


24 


S90km 


25 


Hgure  7.  Vertical-component  waveforms  at  GAR  from  events  in  the  database  with  Lg  starts  indicated  by  solid  circles. 


« 


Lop  Nor  oj^plofton  record  and  the  corresponding  regional  signals  two 
Qeaiby  earthquakes  (viz  01/21/90  and  1 1/03/90)  recorded  at  GAR.  The  Lg/? 
amplitude  rattos  are  much  larger  for  the  earthquakes  than  for  the  explosion. 
We  will  discuss  the  spectral  behavior  of  this  ratio  and  its  potential  value  for 
regional  disoiminatioo  in  a  subsequent  section  of  this  report. 


2.4.3  Waveforms  at  Obninsk  (OBN) 

Except  for  the  first  six  months  of  operation  of  the  Soviet  IRIS 
network,  station  OBN  has  been  a  fairly  reliable  station  for  recording 
Eurasian  seismic  events.  Although  OBN  had  a  somewhat  higher  background 
noise  level  than  diose  at  ARU  and  GAR.  Lg  attenuation  in  die  vicinity  of 
OBN  is  smaller;  so  the  Lg  detection  threshold  there  is  sdll  fairly  low, 
particulariy  for  more  distant  events.  However.  OBN  is  farther  away  from 
the  main  Soviet  unda^ound  nuclear  test  site  near  Semipalatinsk  and  many 
of  the  more  active  tectonic  zones  along  the  southern  Soviet  border. 
Nevertheless.  OBN  mwiages  to  record  identifiable  regional  P  and  Lg  signals 
from  many  events  in  these  areas  as  well  as  in  other  areas  to  the  west  in 
Europe. 

Figure  8  shows  a  map  of  the  locations  of  events  in  the  database  for 
which  good  regional  signals  are  available  at  station  OBN.  These  events 
include  dght  underground  nuclear  explosions  with  magnitudes  between  4.6 
and  6.3  me  (cf.  Table  1  above).  These  nuclear  explosions  were  located 
primarily  near  Semipalatinsk  (R  **  2S90  km),  but  also  at  Novaya  Zemlya  (R 
m  2150  km),  and  at  Lop  Nor  (R  »  4030  km).  The  16  earthquakes  in  the 
OBN  datahaie  have  magnitudes  between  4.5  and  6.4  me  (cf.  Tab^  2  above) 
and  cover  rtm§i^  from  1090  km  to  4140  km.  Many  of  these  ear^quakes 
wane  iocsaed  In  the  acdve  tectonic  zone  along  the  southern  Soviet  border,  but 
others  irere  located  in  the  northern  (^pian  basin,  the  Ural  Mountains. 
Turkey.  Vngoeiavii.  ami  Germany.  The  explosions  and  earthquakes  at  OBN 
agaht  overlap  in  magtHtudr  and  epicentral  distance  ranges. 
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Figure  8.  Regional  events  recorded  at  station  OBN. 


Tlw  behaviw  of  the  regional  signals  at  OBN  is  shown  in  Figure  9. 
The  vortical  con^Kment  records  shown  are  arranged  iq>proxiniately  in  (»der 
of  decreasing  admuth  starting  with  events  to  the  west-northwest.  The  first 
event  (viz  03/13/89)  is  a  rockburst  at  a  mine  in  Germany  which  produced 
strong  Lg  and  short-period  Rayleigh  waves;  the  signals  from  this  event, 
therefore,  appear  to  be  of  a  more  earthquake-like  character.  On  the  other 
hand,  many  of  the  earthquakes  produce  weak  or  indistinct  Lg  signals  at 
OBN;  in  most  cases  this  q>pears  to  be  related  to  structural  blockage  of  the 
signals.  The  earthquake  in  Greece  (viz  04/27/89)  may  have  Lg  blocked  by 
structures  associated  with  the  Black  Sea,  as  some  authors  have  previously 
(U’oposed.  TItfee  events  in  and  just  east  of  the  C^pian  Sea  (viz  09/16/89, 
09/17/89,  and  09/13/89)  show  little  evidence  of  Lg  at  OBN  possibly  again 
related  to  blockage  by  north  Claspian  basin  structures,  as  will  be  described  in 
a  subsequent  section  of  the  report.  Interestingly,  at  least  one  of  the 
earthquakes  west  of  the  Caspian  Sea  (viz  08/03/89)  produces  strong  Lg 
iqtparently  skirting  whatever  structure  is  responsible  for  the  blockage.  The 
remainder  of  the  earthquakes  appear  to  prt^uce  relatively  strong  Lg  with 
amplitude  larger  than  P  on  the  broad-band  records  at  OBN.  Lg  signals  are 
even  observed  from  one  earthquake  (viz  12/15/88)  at  a  range  of  4140  km 
indicating  relatively  efficient  Lg  transmission  through  the  continental 
interior. 

For  the  nuclear  explosions  the  Lg  signals  are  indistinct  for  botii  the 
Novaya  Zemlya  (viz  10/24/90)  and  Lop  Nor  (viz  08/16/90)  explosions.  The 
Lg  signal  at  OBN  from  the  explosion  near  Semipalatinsk  (viz  10/19/89)  is 
clearly  much  larger  relative  to  the  regional  P  amplitude  than  for  the  other 
two  explosion  source  areas.  We  have  noted  a  similar  behavior  in  the  relative 
Lg/P  amplitudes  for  the  different  test  sites  for  each  of  the  Soviet  BUS 
stations  (viz  ARU,  OAR,  and  OBN)  described  so  far.  This  observation 
suggests  that  for  some  reason  explosions  at  the  Semipalatinsk  test  site  may  be 
mofu  efficient  in  generating  Lg  signals  thiui  explosions  in  the  other  two 
source  areas.  Either  that  or  the  Lg  signals  from  Novaya  Zemlya  and  Lop 
Nor  explosions  are  being  blocked  or  more  severely  attenuated  along  the 
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Hgure  9.  Vertical-component  waveforms  at  OBN  from  events  in  the  database  with  Lg  starts  indicated  by  solid  circles. 


paths  to  each  statioii  than  are  die  Lg  signals  from  Semipalatinsk  explosions. 
The  resolution  (tf  this  issue  will  have  important  implications  with  regard  to 
the  transportahility  of  Lg-magnitude/yield  relationships  and  the  use  of  Lg  /P 
amplitude  comparisons  as  discriminants  for  events  in  uncalibrated  regions. 
One  other  noteworthy  feature  of  the  waveforms  in  Figure  9  is  the 
consistency  of  the  signals  from  events  located  in  common  source  areas.  For 
example,  the  two  earthquakes  beneath  the  Caspian  Sea  (viz.  09/16/89  and 
09/17/89),  the  two  earthquakes  on  the  Soviet  border  southeast  of 
Semipalatinsk  (viz  06/14/90  and  08/03/90),  and  die  two  earthquakes  in  the 
Ural  Mountains  (viz  OS/28/90  and  05/28/90)  have  remarkably  similar 
regional  signals.  This  observation  suggests  that  tectonic  sources  are 
consistent  regional  signal  generators.  When  this  is  combined  with  the 
observation  of  consistency  in  the  regional  signals  from  nearby  explosions,  it 
indicates  that  observed  differences  in  regional  signals  between  source  types 
for  a  particular  region  should  provide  a  reliable  discriminant. 


2.4.4  Waveforms  at  Kislovodsk  (KIV) 

Of  the  four  Soviet  IRIS  stations  described  here  KIV  is  probably  the 
weakest  widi  respect  to  monitoring  regional  events  within  the  Soviet  Union. 
However,  because  of  its  location  KIV  does  provide  unique  capability  for 
monitoring  regional  seismic  events  from  regions  to  the  south  which  may  be 
of  interest  from  the  standpoint  of  proliferation.  The  weakness  of  the  KIV 
Station  for  monitoring  Soviet  events  is  related  to  several  factors.  One  of  the 
primary  factors  is  its  location  between  the  Caspian  and  Black  seas  and  the 
afoperpendoned  Lg  blockages  apparently  associated  with  tectonic  structure  in 
these  areas.  As  a  result  KIV  has  very  limited  azimuthal  windows  for  Lg 
signals;  and  these  windows  exclude  most  of  the  Soviet  Union.  Besides  near 
regional  events  and  a  small  region  of  the  western  Soviet  Union,  the  Lg 
window  for  KIV  includes  some  areas  of  interest  to  the  south  including  parts 
of  Iran  and  Iraq.  A  second  factor  limiting  the  performance  of  KTV  is  the 
hackgronnd  noise  at  the  site.  The  noise  level  at  KIV  is  the  highest  of  the 
Soviet  IRIS  station  sites;  and  as  a  result  the  detection  threshold  there  is 
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relatively  high.  Finally,  KIV  has  had  a  relatively  poor  level  of  reliability 
compared  to  the  other  Soviet  IRIS  stations  particularly  during  the  first  six 
months  of  operation.  This  reliability  problem  prevented  KIV  from 
recording  several  significant  events  including  a  number  of  underground 
nuclear  explosions  during  that  time  interval. 

Figure  10  shows  the  locations  of  events  in  our  database  for  which 
good  regional  records  are  available  at  KIV.  These  events  include  four 
underground  nuclear  explosions  with  magnitudes  in  the  range  from  5.4  to 
6.3  mb  (cf.  Table  1  above).  Two  of  the  nuclear  explosions  had  sources  at 
the  Semipalatinsk  test  site  (R  »  2820  km),  and  the  other  two  were  located  at 
Lop  Nor  (R  «  3730  km).  The  ten  earthquakes  in  the  KTV  database  had 
magnitudes  between  4.5  and  6.1  mb  (cf.  Table  2  above)  and  were  located  at 
epicentral  distances  between  220  km  and  3280  km.  The  earthquake  database 
at  KIV  comes  from  scattered  sources  including  events  along  the  southern 
Soviet  border,  the  Ural  Mountains,  the  northern  Caspian  basin,  Jordan,  and 
Iraq. 


The  characteristics  of  the  regional  seismic  signals  observed  at  KTV  are 
shown  in  Figure  11.  The  vertical  component  records  shown  are  arranged  in 
order  of  decreasing  azimuth  starting  from  the  west-southwest.  Several  of 
the  earthquakes  show  apparent  Lg  signals,  but  for  others  the  Lg  is  weak  or 
absent.  In  some  cases  this  may  be  related  to  blockage  or  partial  blockage  by 
structures  near  the  Black  or  Caspian  seas,  as  noted  above.  The  latter  include 
the  event  in  Turkey  (viz  04/27/89),  earthquakes  east  of  the  Caspian  Sea  (viz 
05/30/89,  07/21/89,  and  06/14/90),  and  earthquakes  in  the  Ural  Mountains, 
for  which  the  signals  must  propagate  through  the  northern  Caspian  basin. 

The  two  explosions  shown  in  Figure  11  show  strong  regional  P 
phases,  but  the  Lg  signals  are  weak  or  indistinct.  Whatever  Lg  signal  may  be 
present  is  buried  in  the  S  coda.  This  may  again  be  related  to  Lg  blockage  by 
structures  associated  with  the  Caspian  Sea  which  the  paths  from  the  two  test 
areas  oross  to  KIV.  In  spite  of  these  problems  with  Lg  signal  blockage  at 
KIV,  the  explosion  records  still  appear  unique  and  more  similar  to  one 
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Hgure  11.  Veitical-con^wnent  waveforms  at  KTV  from  events  in  the  database  with  Lg  starts  indicated  by  solid  circles. 


another  than  to  earthquakes  in  the  database,  including  those  which  have 
ex|ierienced  sindlar  Lg  blockage.  The  distinction  between  die  explosion  and 
eardiquake  leoMrds  q^ars  to  lie  in  the  fact  that  the  seismic  energy  in  the 
eardiquakes  is  more  evenly  disposed  throughout  a  wide  range  of  group 
velocities  in  contrast  to  die  explosions  for  which  most  energy  is  confined  to 
die  P  window.  Thus,  in  comparing  the  two  explosions  and  the  earthquake 
records  at  nearly  common  azimuths  (viz  OS/1 6/90,  09/14/88,  and  06/14/90), 
the  ear^quake  has  significandy  greater  post-S  energy.  For  this  and  several 
odier  eardiquakes  in  die  KIV  database,  much  of  this  post-S  energy  appears  in 
the  form  of  lowu'-frequency  Rayleigh  waves  which  are  not  present  on  the 
explosion  records.  These  latter  signals  ^parently  are  not  interrupted  by 
die  structural  blockage  which  affects  Lg.  The  prominence  of  these  signals 
suggests  diat  some  regional  discriminant  measure  using  these  Rayleigh  wave 
Sigmds  (e.g.,  reglcmal  Ms  versus  mb)  ctnild  provide  effective  discrimination 
in  arme  ii^iere  problems  may  arise  in  using  Lg. 


1.4.5  Farther  Analysis  of  Lg  Blockage  by  Caspian  Sea 
Stmctares 

It  has  been  recogoiaed  many  years  now  diitt  some  areas  along  the 
southern  border  of  the  former  Soviet  Union  appear  to  impede  the 
propagadon  of  Lg  signals  (<^.  Ruzaikin  et  a/.,  1977;  nwinskii  and  Springer, 
1978;  Nttttii,  1981;  Bennett  et  aL,  1981;  Kadinsky-Cade  et  a/.,  1981).  In 
pardcolaTi  it  wit  recognised  in  these  early  studies  that  the  Caspian  Sea  and, 
possibly  to  a  lesser  extent,  the  Black  Sea  regions  tended  to  block  Lg  signals 
crossing  those  areas.  In  these  studies  it  was  suggested  that  the  tectonic 
structure  in  these  areas  might  be  oceanic  in  character  and,  therefore,  unable 
to  support  Lg  propagadon  (cf.  Press  and  Ewing,  1952).  More  recently, 
Kennett  and  k^itkehvidt  (19S4)  have  diown  that  Lg  propagadcui  can  be  vmy 
sensidve  to  abrupt  changes  in  crustal  structure  that  deviate  from  horitontal 
sttadficadon.  CHven  (1991)  also  recently  has  found  evidence  of  possible 
bloeiaige  of  Lg  si^ials  going  to  the  Soviet  IRIS  station  at  KIV  when  the 
propagation  pattn  axm  die  Caspian  or  Black  Seas. 
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In  the  preceding  sections  of  this  report,  we  have  noted  several 
instances  in  which  records  from  events  having  propagation  paths  crossing 
the  Caspian  or  Black  Seas  were  relatively  depleted  in  Lg  energy.  In 
particular,  we  found  that  earthquakes  originating  in  the  vicinity  of  the 
Caspian  Sea  almost  never  produced  recognizable  Lg  at  the  Soviet  IRIS 
stations.  We  also  saw  that  the  Lg  signals  for  events  in  other  areas  with  paths 
crossing  the  Caspian  Sea  or  the  Black  Sea  were  strongly  attenuated. 
However,  it  is  interesting  to  note  that  in  some  cases  events  have  paths  which 
apparently  do  not  actually  cross  these  seas;  but  the  Lg  signals  are  still  weak. 
For  example,  the  earthquake  at  the  southeastern  comer  of  the  Caspian  Sea 
near  the  Iran  border  (cf.  Figure  2  above)  shows  little  recognizable  Lg  at 
ARU  (cf.  Figure  5  above)  although  the  path  doesn't  intersect  the  Caspian  Sea 
coastline.  In  addition,  the  two  earthquakes  near  ARU  (cf.  Figure  2  above) 
show  no  sign  of  Lg  at  KIV  (cf.  Figure  1 1  above)  even  though  their  paths 
miss  the  Caspian  Sea  but  do  cross  the  northern  Caspian  sedimentary  basin. 
The  latter  results  suggest  that  the  structures  responsible  for  the  Lg  blockage 
may  extend  beyond  the  surface  features  with  which  they  are  associated. 
Given  (1991)  also  described  cases  in  which  apparent  Lg  blockage  extended 
south  and  north  of  die  Caspian  Sea. 

The  work  by  Given,  as  well  as  previous  studies,  indicate  that  it  may  be 
possible  to  use  these  kinds  of  observations  to  define  the  limits  of  the 
structure  responsible  for  Lg  blockage.  Our  preliminary  results  here  indicate 
that  Lg  signals  propagate  from  the  earthquakes  near  ARU  to  station  OBN 
and  from  the  earthquake  just  east  of  KIV  to  station  OBN  (cf.  Figure  2 
above);  so  this  appears  to  establish  northern  and  western  limits  to  the 
impeding  structure.  Also,  the  earthquake  south  of  the  Aral  Sea  produces 
strong  Lg  signals  at  station  ARU  thereby  establishing  an  apparent  eastern 
limit  to  the  structure.  Additional  data  are  needed  to  establish  southern  limits 
on  the  structure  and  to  further  refine  these  boundaries.  It  should  be  noted 
that  the  southern  part  of  the  structure  may  tend  to  blend  into  the  tectonic 
zcme  extending  along  the  southern  border  of  die  former  Soviet  Union  which 
may  complicate  stmctural  interpretation  in  this  area. 
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two  odier  IR^tuires  of  tiie  Lg  data  presented  here  may  be  helpful  in 
ttitdi^taiidihg  die  Ofibcts  of  geologic  structure  on  Lg  propagation.  First,  we 
find  thnt  the  earthquake  located  in  die  Caspian  Depression,  just  north  of  the 
Caspian  Sea  (cf.  Hgure  2  above),  is  particularly  interesting  in  diis  regard. 
This  earthquake,  which  occurred  on  05/14/89  had  a  body-wave  magnitude  of 
4.5  and  j^wdttced  StrcUig  Lg  signals  at  each  of  die  surrounding  Soviet  IRIS 
statiot^  ARtl  (cf.  Figure  S  above),  OBN  (cf.  Figure  9  above),  and  KIV  (cf. 
Figure  11  above).  On  the  other  hand,  die  two  earthquakes  near  ARU 
(Utqiaglding  aloag  nearly  the  same  azimuth  to  KIV  produced  almost  no  Lg; 
and  the  earthquake  just  east  of  KIV,  which  nearly  reverses  the  path  to  ARU, 
produced  indistinct  Lg  at  ARU.  This  observation  suggests  Aat  Lg  is  not 
stfon|ly  disrupted  by  the  transition  from  the  Caspian  structure  to  that  of  the 
surrounding  region.  However,  Lg  may  be  effectively  blocked  by  the  passage 
from  die  surrounding  region  into  the  Caspian  structure.  Theoretical 
analyses  of  wave  prt^agation  in  a  stroctural  model  of  die  C^pian  basin  and 
additional  observational  data  from  this  uea  could  provide  important  insight 
into  the  effects  of  tectonic  structure  on  Lg  propagation. 

the  sectmd  feature  of  the  effects  of  die  Qupian  Sea  structure  on  Lg 
propagation,  which  we  would  like  to  re-emphasize  here,  is  that  the  blockage 
may  to  some  eatent  be  frequency  dependent.  In  describing  the  regional 
signals  recorded  at  KIV  from  the  Semipalatinsk  nuclear  explosion  and  the 
earthquake  east  of  the  test  site  (cf.  Figure  10  above),  we  noted  that  the  two 
events  arrive  at  KIV  from  very  similar  azimuths,  both  crossing  the  Caspian 
^  structure.  However^  while  Lg  is  apparently  blocked  in  the  explosion, 
there  does  appear  to  be  Lg  in  the  earthquake  record.  The  latter  seems  to  be 
dotninaied  by  relatively  low  frequencies,  which  suggests  that  the  structure 
rttiqr  be  mote  effective  in  blocking  the  high  frequencies  while  passing  low 
ftequendes  in  the  Lg  signals.  Understanding  of  this  problem  would  again 
benefit  fiom  additioiud  analyses  of  these  data  and  theoretical  studies  wave 
propagiaion  fbr  structural  models  of  this  region. 


36 


2.S  Summary  of  General  Regional  Signal  Characteristics  at 

Soviet  IRIS  Stations 

In  general,  then,  earthquakes  recorded  at  the  Soviet  IRIS  stations  tend 
to  have  large  Lg  signals  relative  to  P  in  comparison  to  underground  nuclear 
explosions  at  similar  epicentral  distances  as  measured  on  the  broad-band 
records.  This  appears  to  be  true  over  a  wide  range  of  magnitudes  and,  with 
some  exceptions,  at  most  azimuths.  Tl^  most  notable  exceptions  appear  to 
be  cases  where  Lg  transmission  may  be  blocked  by  structural  features 
associated  with  the  areas  of  the  Caspian  and  Black  seas.  For  even  these 
problem  cases,  the  broad-band  regional  signals  for  the  explosions  appear 
distinct  from  earthquakes  with  similar  paths;  so  that  some  alternative 
regional  discriminant  measure  may  be  effective.  On  the  negative  side  this 
means  that  some  care  may  be  needed  in  deciding  which  regional 
discrimination  techniques  will  be  reliable  in  different  areas.  However,  on 
the  positive  side  the  regional  signals  observed  at  the  Soviet  IRIS  stations  are 
remarkably  similar  for  events  of  a  common  source  type  even  if  the  events 
are  somewhat  separated.  This  suggests  that  regional  discriminants  which  are 
effective  for  some  events  in  an  area  are  likely  to  be  effective  for  others,  and 
the  extent  of  the  geogr£q)hical  area  over  which  this  conclusion  applies  may 
be  fairly  large. 
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Ill,  mSCRIMIilATION  ANALYSIS  OF  EUEASIAN 
EVENTS  USING  THE  REGIONAL  PHASE 
SIGNALS  AT  STATION  ARU 


34  EficEgriiwiS 


Ifi  llie  i^ecediiig  section  of  this  leport  we  described  the  general 
characteristics  of  the  regional  phase  signals  recorded  at  the  Soviet  IRIS 
statsons  tatd  the  datatnue  whidi  has  been  assembled  at  S-CUBED  to  address 
the  pfohltm  of  discrimination  of  seismic  events  throughout  Eurasia.  The 
dafaNtsa  includes  high-quality  digital  waveforms  which  should  provide  an 
aaaaUatit  test  of  the  effecdveness  of  proposed  regional  discriminant  measures 
applied  to  Eurasian  events  from  a  variety  of  tectonic  and  propagation 
envircMiments.  In  a  prior  r^rt  we  (»esented  the  results  of  aiiq)litude  and 
spectral  comparisons  of  regional  signals  recorded  at  a  single  station,  WMQ, 
fof  use  as  pQiantial  legtonal  discriminants.  In  particular,  we  found  that  Lg/P 
specdral  ratios  ai^eaied  to  provide  effective  discrimination  between 
undergrmind  nuclear  explosions  and  eardiquakes  at  regional  distances  from 
WMQ  for  locations  along  the  southern  Soviet  border  and  in  western  China. 
In  diis  secdoo  we  provide  similar  analyses  of  the  discrimination  potential  of 
regional  signal  measurements  obtained  at  the  single  Soviet  IRIS  station, 
ARU. 


ARU  was  selected  for  these  analyses  because  it  recorded  good  regional 
signals  from  most  of  the  Soviet  underground  nuclear  tests  which  have 
oceuifed  since  the  installation  of  the  QUS  network.  In  addition  ARU's 
location  away  from  the  mom  active  tectonic  zones  results  in  a  generally  low- 
attamiation  envlfonment  for  regional  signals.  Therefore,  ARU  frequently 
iPCOtds  strong  regional  signals  at  ranges  to  2000  km  or  even  3000  km.  while 
Hationi  in  mom  attenuative  environments  may  not  detect  such  events.  We 
warn  ahle  then  to  put  together  a  fairly  large  database  of  ARU  regional 
easthqnake  records  covering  a  range  of  azimuths  and  an  epicentral  distance 
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range  overl^ping  that  of  the  underground  nuclear  explosions  to  which  they 
are  being  compared. 


3.2  Further  Consideration  of  ARU  Regional  Waveforms 

In  the  preceding  section  of  this  report,  we  described  the  general 
characteristics  of  the  regional  signals  recorded  at  each  of  the  Soviet  IRIS 
stations  from  suites  of  events  surrounding  each  station.  The  suite  for  ARU, 
shown  above  in  Figure  S,  contained  27  events  including  three  nuclear 
explosions,  one  record  from  each  of  the  main  Soviet  test  sites  and  one  from 
tl^  Chinese  test  site.  As  noted  above,  the  total  event  sample  for  ARU 
includes  16  Eurasian  underground  nuclear  explosions  of  which  13  were 
located  at  the  Semipalatinsk  test  site  at  a  range  of  approximately  1530  km. 
In  Figure  12  we  show  the  vertical-component  broad-band  records  at  ARU 
from  all  the  Semipalatinsk  test  site  explosions.  The  column  to  the  right 
indicates  the  range  of  the  station  from  the  NEIS  reported  epicenters  for 
these  explosions.  The  epicentral  distances  cover  a  range  of  about  100  km 
(between  about  1450  km  and  1550  km).  Some  of  this  variation  in  location  is 
real,  as  events  in  the  database  include  explosions  in  different  test  areas  (e.g., 
Baklan,  Degelen  Mountain,  and  Murzhik),  but  the  NEIS  locations  may  also 
include  errors  in  some  cases,  particularly  for  the  smaller  events.  The 
waveform  for  one  event  (viz  09/02/89)  terminated  abruptly  following  the  P 
segment  and  missed  the  later  Lg  phase.  It  should  also  be  noted  that  some  of 
the  events  are  quite  small  with  magnitudes  of  3.8  mb  and  3.9  mb  for 
09/26/88  and  12/28/88,  respectively.  On  the  broad-band  records  in  Figure 
12  there  is  little  evidence  of  these  explosion  signals  at  ARU.  However,  in 
our  previous  report  (cf.  Bennett  et  a/.,  1990a)  we  showed  that  some  signal 
could  be  detected  in  the  ARU  records  for  even  such  small  magnitude  events 
by  appropriate  band-pass  filtering.  A  filter  with  comers  at  0.8  Hz  and  1.6 
Hz  was  found  to  be  effective  in  extracting  the  regional  signals  at  ARU  for 
these  low-magnitude  events.  Figure  13  shows  the  band-pass  filtered  versions 
of  the  records  in  Figure  12.  In  nearly  all  cases  the  regional  phase  signals 
are  more  apparent  in  the  filtered  traces.  In  particular,  the  Lg  signals  stand 
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Fl|aie  12.  Unprocessed  vettical-conponeiit  waveforms  at  ARU  from  nudear  explosions  near  Sendpaladnsk  witti  Lf  starts 
indicated  by  solid  circles. 


out  on  the  filtered  traces  relative  to  the  background  especially  for 
siiudler  magnitutks.  The  singte  exception  is  the  record  from  the  12/28/88 
explosion  fm  widch  the  regional  signals  are  still  buried  in  die  background 
noise.  Atten^ts  using  other  filters  to  extract  these  signals  have  proven 
unsuccessful,  suggesting  that  this  event  (mb  »  3.9)  is  at  or  below  die 
detection  threshold  for  ARU. 


3.3  Spectral  Analyses  of  ARU  Regional  Signals 

Fourier  spectra  were  computed  for  the  regional  P  and  Lg  signals  from 
eighteen  of  the  earthquake  records  shown  above  in  Figure  S  and  die  eleven 
explosions  in  Figure  12  which  included  the  Lg  windows.  We  eliminated 
from  consideration  those  earthquakes  at  epicentral  distances  greater  than 
3(XX)  km  from  ARU  and  a  few  others  with  weaker  signals.  For  each  event 
the  spectra  were  computed  for  a  SO-second  window  starting  just  before  die  P 
and  a  l(X)«8econd  window  starting  at  the  expected  time  corresponding  to  au 
Lg  group  velocity  of  3.6  km/sec.  The  only  excepdons  were  the  two 
eardiquakes  nearest  ARU  fcnr  which  we  used  windows  half  as  long  to  avoid 
overlap  of  the  signal  windows.  In  addition,  spectra  were  computed  for  a 
25*second  noise  window  preceding  P  for  each  record.  In  all  cases  the 
signals  were  demeaned  and  tapered  prior  to  the  spectral  computation;  and 
the  spectra  were  smoothed  to  provide  comparable  resolution  for  all  signals 
and  events. 

Figures  14>17  show  the  regional-phase  amplitude  spectra  for  some 
typical  events  recorded  at  ARU.  Figures  14  and  15  correspond  to 
Semipalatinsk  nuclear  explosions  of  09/14/88  and  07/08/89  with  magnitudes 
of  6.3  mg  and  S.6  mg*  respectively.  These  were  located  at  a  distance  of 
approximately  1530  km  from  ARU.  Figures  16  and  17  are  for  two 
earthquakes  of  08/03/90  and  12/21/88  with  magnitudes  of  6.0  mg  and  5.4 
mg«  respectively.  Epicentral  distances  from  these  events  to  ARU  were  2030 
km  md  1950  km,  respectively.  In  all  cases  the  spectra  are  at  high  kvels, 
well-idmve  background  noise,  in  the  frequency  band  near  1  Hz.  In  fact,  the 
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Figure  14.  Regional  phase  spectra,  P  (top)  and  L  (bottom),  for 
9/14/88  explosion  observed  at  ARU. 
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Hgure  IS.  Regional  phase  spectra,  P  (top)  and  (bottom),  fw 
7/08/89  Semipalatinsk  explosion  observed  at  ARU. 
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Figure  16.  Regional  phase  spectra,  P  (top)  and  (bottom),  for 
8/03/90  earthquake  (6.0  m^)  observed  at  ARU. 
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noise  spectra  for  most  events  show  minima  in  this  same  frequency  band 
between  about  1  and  2  Hz.  In  most  cases  the  signal/noise  ratios  for  these 
events  are  well  above  one  over  much  of  the  available  frequency  band. 
However,  in  several  instances  the  background  noise  has  peaks  in  the  band 
near  4  to  5  Hz  producing  reduced  signal/noise  levels  in  that  interval. 
Furthermore,  the  signal  levels  frequently  approach  the  noise  at  higher 
frequencies  particularly  for  smaller  events  at  larger  distances. 

For  the  explosions  the  regional  P  spectra  are  frequently  quite  broad 
showing  a  slow  decay  over  the  range  from  about  1  to  6  Hz.  On  the  other 
hand,  the  explosion  Lg  spectra  are  rather  sharply  peaked  below  1  Hz  and 
drop-off  rapidly  toward  higher  frequencies.  In  contrast,  for  the  earthquakes 
the  regional  P  and  Lg  spectra  fall-off  monotonically  and  more  rapidly  from 
their  maximum  values  in  the  frequency  range  below  1  Hz  to  the  noise  levels 
at  frequencies  near  6  Hz.  Thus,  the  biggest  difference  in  the  regional  phase 
spectra  between  the  two  source  types  observed  at  station  ARU  would  appear 
to  be  the  greater  prominence  of  high  frequencies  in  the  explosion  P  signals. 

3.4  Lg/P  Spectral  Ratios  Measured  at  ARU 

For  each  of  the  events  described  in  the  preceding  section,  Lg/P 
spectral  ratios  were  computed.  The  ratio  computations  were  limited  to  a 
frequency  band  from  0  to  6  Hz  because  of  contamination  of  the  spectra  by 
noise  at  higher  frequencies,  particularly  for  the  events  at  larger  distances 
and  smaller  magnitudes.  Lg/P  spectral  ratios  for  the  two  representative 
explosions  and  two  representative  earthquakes  recorded  at  ARU  are  shown 
in  Figures  18-21. 

The  Lg/P  spectral  ratios  for  the  two  Shagan  River  explosions  in 
Figures  18  and  19  are  remarkably  similar.  Both  spectra  have  maximum 
values  in  the  frequency  range  from  0  to  1  Hz.  These  maximum  values  are 
greater  than  ten.  At  larger  frequencies  the  explosion  Lg/P  ratios  show 
similar,  monotonic  decreases  out  to  3  Hz  where  they  reach  levels  of  about 
0.2,  which  is  maintained  to  higher  frequencies.  This  result  appears  to  be  in 
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Lg/P  SPECTRAL  RATIO  FOR  ARU  9/14/88 
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RCiffe  18.  Lg^  spectral  ratio  for  the  JVE  ouclear  exphMion  recorded  at  ARU. 
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Figure  19.  Lg/P  spectral  ratio  for  the  7/8/89  nuclear  explosion  recorded 


Lg/P 


20.  Lg^  spectral  ratio  for  the  12/21/88  eaithquake  tecorded  at  ARU. 
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Figure  21, 


cloie  apieenimt  with  die  Lg/P  ^lectnd  bdiavic^  wbidi  we  {Mevtously  foiuid 
for  Semipalotifitk  explofiooe  recorded  at  WMQ  (cf.  Bennett  et  ai,  1989, 
19908). 

The  Lg/P  nq^ectril  redoc  ftN"  die  two  earthquake*  shown  in  Figures  20 
and  21  we  also  <pitte  sindlar.  The  earthquake  spectral  ratios  are  again 
peaked  in  the  fiequency  nwge  from  0  to  1  Hz  at  maxinmm  values  somewhat 
greater  than  ten.  However,  the  earthquake  spectral  ratios  appear  to  have  a 
slighdy  leM  ste^  decline  and  tend  to  reach  a  minimum  at  somewhat  lower 
hequeneies  than  for  the  explosions.  In  general,  the  earthquake  Lg/P  ratios 
are  well  above  those  of  die  explosions  over  ^  frequency  band  above  about 
2  Hz.  TIds  again  is  in  agreement  with  our  previous  results  for  WMQ. 
Howevw,  as  was  the  case  dtere,  we  note  diet  {^qiagation  padis  we  somewhat 
different  for  die  explosions  and  earthquakes  recorded  at  ARU.  In 
particular,  the  two  esrdupiakes  fmr  which  the  spectra  are  shown  in  Figures 
20  and  21  we  from  400  to  500  km  farther  away  than  the  comparable 
explosiomi;  and  in  one  case  (the  12/21/88  event)  the  azimuth  is  quite 
different.  As  a  result,  propagation  effects  may  contribute  to  some  of  the 
observed  diffwences  in  the  Lg/P  spectral  ratios.  Howevw,  we  believe  for 
reasons  presented  here  and  in  subsequent  sections  of  this  report  that 
propagation  diffrrences  are  not  the  sole  cause  of  these  observations. 

To  minimize  die  influences  of  propagation  paths  for  particular 
earthquakes,  we  determined  the  average  Lg/P  spectral  ratio  for  all  the 
earthquakes  and  explosions  recorded  at  ARU  for  which  the  regional  phase 
spectra  were  computed.  These  are  shown  in  Figure  22  accompanied  by  one- 
sigma  bounds  about  the  average  ratios.  The  average  results  are  seen  to  be 
quite  similar  to  the  observations  for  the  individual  events  at  ARU.  In 
particular,  for  the  nuclear  explosions  the  average  Lg/P  ratio  is  peaked  at  a 
value  between  ten  and  twenty  near  0.5  Hz  and  deofeases  monotoniwdly  above 
the  peak  out  to  a  frequency  near  3  Hz,  where  the  spectral  ratio  tends  to  level 
off  at  a  value  of  about  0.3.  It  shcmld  also  be  noted  that  the  one-sigma  bounds 
on  the  Lg/P  ratios  for  the  nuclear  explosions  are  rather  tight  w  all 
frequencies  indicating  a  remarkable  consistency  from  event  to  event.  For 
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M^an  and  d;  la  bounds  on  L^/P  spectral  ratios  for 
Semipalatinsk  explosions  (top)  and  18  earthquakes 
(bottom)  observed  at  ARU. 


IS  !ti  Aftti,  thif  h^/P  hiiio  (at  the  bdttdih  dt  Flgihe 

ii)  in  fieaSbd  at  ahdUt  the  ^atne  ft’etjoency  (viz  0.5  Hz)  as  for  the  explosions; 
and  ftie  ththditthlh  valtie  is  ageih  Sdtnewhai  givatef  ttiah  ten.  Above  ttie  peak 
die  L|/t^  speetfid  fttiio  ageih  decreases  but  at  a  sdine^^hdt  slower  rate  than 
fdf  eilptdSidh  d^efage.  Hie  Average  earthqluake  ratio  levels  off  above 
eiiettit  i  tit  Mi  talbe  Mat  dtie.  The  scatter  in  the  earthquake  ratios  indicated 
hjr  the  dhe-Sigihd  hdbhds  is  somewhat  greater  possibly  indicating  variations 
ih  the  fatids  dSSdeiated  #ith  propagadoh  path  differences  in  the  individual 

it J,  t. 

events. 

We  edthpdted  a  second  average  earthquake  Lg/P  spectral  ratio  for 
Akll  fdetfSihg  on  earthquakes  with  paths  more  comparable  to  those  of  the 
htieleaf  eilpldsldtiS.  fu  paHicdlaf,  we  elimifiated  some  of  the  close-in  events 
to  Aflu  add  the  earthquakes  with  sources  in  the  Caspian  Sea  region.  This 
new  average  Lg/P  spectral  ratio  inclU(kid  12  earthquates  and  is  shown  at  the 
bottom  of  Figure  23  where  it  is  compared  with  the  same  average  explosion 
ratio  fot  Aftty.  The  results  in  Figure  23  show  very  little  difference  from 
those  m  FigUte  ii.  Hie  earthquake  Lg/P  ratios  agaiu  level  off  at  a  value 
hear  ode  at  hildier  ftequeucies.  The  scatter  seems  to  be  about  the  same. 

tN'erah^  from  the  staudpoiht  of  ^istme  dtscrimmatioh  the  results  at 
staitioh  AMti  agaiu  ihdieate  promise  for  Lg/P  speetral  ratios.  In  particular, 
at  freqaeaeieS  abo^e  dmut  2  tit  there  appear  to  be  signlficaut  differences  in 
me  Lg/F  raoti^  betweeu  Uuclear  explosions  and  earthquakes.  There  remain 
f#o  areas  of  eamion  with  regards  to  this  discrimmaut.  First,  propagation 
eHeets  oa  regiomtf  pfmses  are  hkelg  to  hat^e  some  iftfluetice  on  the  spectral 

but,  as  we  show  m  the  fohowmg  section,  We  heheve  they  are  hot  the 
cause  of  the  diserirhiuaht.  second,  the  diserimfUant  requires  signal 
mfommoh  at  iughm  frequencies  (above  2  tit);  and,  therefore,  it  may  be 
less  effr^e  for  ranges  b^ond  about  2000  km  and  for  smaller  events  where 
me  hiVefs  at  these  higher  frequencies  are  approaching  the  detection 
mreshoid.  the  latter  is  a  general  problem  for  ail  areas  of  seismic 
mscrfrnimnicm.  in  tins  case  the  extent  of  the  problem  could  be  defined  by 
detemnmng  me  detection  threshold  as  a  function  of  frequency  for  the 
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moaifiitiag. 
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IV.  REGIONAL  DISCRIMINATION  ANALYSES  OF 
LOP  NOR  EXPLOSIONS  AND  EARTHQUAKES 
WITH  NEARLY  COMMON  PATHS 


4.1  Background 

In  prior  studies  of  regional  seismic  data  recorded  at  station  WMQ,  we 
found  consistent  differences  in  the  Lg/P  spectral  ratios  between  underground 
nuclear  explosions  near  Semipalatinsk  and  the  regional  earthquakes  in  the 
database  (cf.  Bennett  et  al.  1989, 1990a).  This  observation  was  in  agreement 
with  previous  experience  for  NTS  nuclear  explosions  and  nearly  co-located 
earthquakes  recorded  at  regional  distances  (cf.  Murphy  and  Bennett,  1982; 
Bennett  and  Murphy,  1986;  Taylor  et  al.  1988)  and  also  with  the  experience 
of  others  for  non-nuclear  explosions  and  nearby  earthquakes  recorded  at 
Norwegian  regional  arrays  (cf.  Dysart  and  Pulli,  1990).  Nevertheless,  some 
questions  were  raised  about  the  extent  to  which  the  results  obtained  for 
WMQ  might  have  been  influenced  by  propagation  path  differences,  because 
many  of  the  earthquakes  used  for  comparison  were  located  along  the 
southern  Soviet  border  somewhat  removed  from  the  nuclear  explosion  test 
site.  Therefore,  to  test  the  degree  to  which  observed  differences  in  the  Lg/P 
spectral  ratios  was  controlled  by  source  type,  independent  of  propagation 
effects,  we  sought  to  identify  Eurasian  events  with  nearly  common  paths 
which  could  be  used  for  analyses.  We  describe  here  the  results  of  two 
analyses  of  regional  phase  spectra  for  nuclear  explosions  at  Lop  Nor,  China 
and  earthquakes  with  approximately  the  same  propagation  paths. 


4.2  Reciprocal  Relation  Between  Lop  Nor  Explosions  and 
Earthquakes  Near  Garm 

The  Chinese  nuclear  test  site  at  Lop  Nor  is  located  approximately  at 
41,7®N  88,7®E  (cf.  Table  1  above).  Although  the  nuclear  testing  program  in 
the  People's  Republic  of  China  is  not  particularly  active,  there  appear  to 


have  been  two  tests  at  Lx>p  Nor  which  occurred  since  the  Soviet  IRIS 
network  became  operational.  These  took  place  on  OS/26/90  and  08/16/90 
and  had  magnitudes  of  S.4  and  6.2  mb.  respectively.  CDSN  data  are 
q>parently  not  available  for  either  of  these  events,  although  the  latter  was 
well  reccnrded  at  the  Soviet  IRIS  stations,  and  in  particular  at  GAR  (R  » 
1590  km).  The  CDSN  station  at  WMQ  is  located  at  43.8‘‘N  87.7‘’E,  less  than 
250  km  from  the  Lop  Nor  test  site,  and  has  recorded  several  earthquakes 
frc»n  the  vicinity  of  OAR  (R  »  1530  km).  We  picked  two  earthquakes  (viz 
01/09^8  and  09/25/88)  with  epicenters  within  about  230  km  of  GAR  which 
were  well  recorded  at  WMQ  from  our  database  (cf.  Table  2  above). 

As  can  be  seen  in  Figure  24,  the  Lx>p  Nor  explosion  recorded  at  GAR 
and  the  earthquakes  near  OAR  recorded  at  WMQ  form  an  approximately 
reciprocal  relationship  between  source  and  receiver.  The  propagation  paths 
between  the  sources  and  receivers  in  these  events  are  nearly  coincident,  so 
the  paths  are  approximately  common  for  these  events.  Therefore, 
differences  in  the  regional  signals  between  the  events  should  represent 
differences  in  the  sources. 

Figure  25  shows  the  broad-band  vertical-component  waveforms  for 
these  three  events.  Differences  between  the  signals  related  to 
instrumentation  differences  between  stations  are  believed  to  be  insignificant. 
The  major  difference  observed  in  these  broad-band  signals  is  the  much 
larger  Lg  amplitudes  relative  to  P  in  the  earthquake  records  compared  to  the 
explosion.  Thus,  Lg/P  ratios  for  the  earthquakes  are  about  4:1  compared  to 
a  ratio  of  only  about  1:2  for  the  explosion.  The  records  in  Figure  25 
suggest  that  there  may  be  some  frequency  diffn-ences  in  the  regional  signals 
between  event  types.  The  most  notable  difference  is  the  prominence  of  the 
relatively  low  frequencies  in  the  earthquake  records.  In  addition,  the 
explosion  regional  P  signal  appears  to  be  enriched  in  high  frequencies 
compved  to  the  earthquakes.  To  analyze  the  spectral  contents  of  these 
signals  in  more  detail,  Fourier  spectra  were  computed  from  a  25-second 
saiiq>le  of  the  initial  P  and  a  l(X)-second  sample  of  the  Lg  window  for  each 
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Figofe  25.  Vertical-component,  broadband  records  for  approximaldy  reciprocal  nuclear  explosions  and 
earthquakes. 


record.  The  spectra  were  computed  over  a  frequency  band  from  0  to  10  Hz 
and  smoothed  and  interpolated  to  provide  spectral  estimates  at  the  same 
frequencies  for  both  P  and  Lg.  Lg/P  spectral  ratios  were  then  confuted  and 
are  shown  in  Figure  26.  The  Lg^  spectral  ratios  for  the  explosion  (plotted 
as  the  dashed  line)  appears  to  be  significantly  different  from  the  two 
reciprocal  earthquakes  (plotted  as  dotted  and  combination  dotted-and-dashed 
lines).  For  both  types  of  events  the  spectral  ratios  are  high  (above  one)  at 
frequencies  below  about  1.0  Hz,  with  the  earthquake  ratios  being  slightly 
higher  than  the  explosion  ratio.  However,  the  explosion  ratio  drops  off 
much  more  rapidly  toward  higher  frequencies  than  the  corresponding 
earthquake  ratios.  The  two  earthquakes  are  seen  to  have  fairly  consistent 
Lg/P  ratios  which  lie  well  above  those  of  the  Lop  Nor  explosion  over  a 
broad  frequency  band.  In  fact,  the  differences  are  up  to  a  factor  of  ten  in  a 
frequency  band  between  2  and  3  Hz.  At  frequencies  above  7  Hz  the  spectral 
ratios  overlap,  but  the  system  response  and  noise  characteristics  at  the 
stations  are  such  that  spectral  estimates  above  about  5  Hz  may  not  be 
representative  of  the  signal  amplitudes.  We  would  conclude  from  the 
observations  in  Figure  26  that  the  earthquakes  and  explosions  produce 
significantly  different  Lg/P  spectral  ratios  for  approximately  reciprocal 
paths  which  we  would  attribute  to  source  differences  in  the  excitation  of  the 
regional  seismic  phases. 

We  also  show  in  Figure  26  for  comparison  purposes  the  Lg/P  spectral 
ratio  for  the  JVE  explosion  (viz  09/14/88)  at  the  Semipalatinsk  test  site  also 
recorded  at  GAR  (R  »  1390  km).  The  magnitude  of  this  explosion  was 

approximately  the  same  as  that  of  the  Lop  Nor  explosion.  However,  the 
Lg/P  spectral  ratios  for  the  two  events  are  notably  different.  Over  the 
frequency  band  from  less  than  1  Hz  to  more  than  3  Hz,  the  spectral  ratio  for 
the  Semipalatinsk  explosion  is  up  to  a  factor  of  eight  larger  than  for  the  Lop 
Nor  explosion.  This  appears  mainly  to  be  due  to  the  occurrence  of  more  Lg 
energy  in  that  frequency  band  for  the  GAR  recording  of  the  Semipalatinsk 
explosion.  The  path  from  Lop  Nor  to  GAR  seems  to  be  more  attenuative 
than  the  path  from  Semipalatinsk  to  GAR;  a  more  complete  discussion  of  this 
problem  follows  in  a  later  subsection.  This  latter  result  suggests  that  some 
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Hgure  26.  Lg/P  spectnd  ratios  for  ^jproxiinatdy  reciprocal  events  from 

Figure  25  and  9/14/88  JVE  explosion  su  S^palatinsk  observed 
at  GAR. 
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care  needs  to  be  exercised  in  comparing  spectral  differences  in  regional 
signals  for  events  with  different  propagation  paths. 


4.3  Nearly  Co-Located  Nuclear  Explosions  and  Earthquakes 

Near  Lop  Nor 

In  addition  to  the  above  analysis  of  approximately  reciprocal  events,  a 
more  direct  comparison  of  regional  signals  for  underground  nuclear 
explosions  and  earthquakes  with  nearly  common  paths  can  be  obtained  using 
the  Lop  Nor  explosions  and  nearby  earthquakes  recorded  at  the  Soviet  IRIS 
stations.  The  map  in  Figure  27  shows  the  locations  of  two  Lop  Nor  nuclear 
explosions  (viz  05/26/90  and  08/16/90)  and  two  nearby  earthquakes  (viz 
01/21/90  and  1 1/03/90)  for  which  good  regional  signals  were  recorded  at 
stations  GAR  and  ARU.  The  approximate  epicentral  distances  of  GAR  and 
ARU  from  the  source  area  of  these  events  are  1590  km  and  2710  km, 
respectively.  The  distance  between  individual  explosion  and  earthquake 
sources  is  between  5  and  100  km  depending  on  the  event  pair  selected.  In 
fact,  the  close  proximity  of  the  01/21/90  earthquake  and  the  05/26/90 
nuclear  explosion  (viz  a  separation  distance  of  only  about  5  km)  is  well 
within  the  uncertainty  bounds  on  the  event  locations  and  makes  the  former 
event  ^c-mewhat  suspect.  The  nuclear  explosion  magnitudes  were  5.4  and  6.2 
mb  (cf.  Table  1  above),  while  the  earthquake  magnitudes  were  4.6  and  5.1 
mb  (cf.  Table  2  above). 


4.3.1  General  Properties  of  the  Time-Domain  Signals 

Figure  28  shows  the  broad-band  vertical-component  records  at 
stations  GAR  and  ARU  which  were  available  for  the  four  events  near  the 
Lop  Nor  test  site.  Unfortunately,  each  station  recorded  only  three  of  the 
four  possible  events.  In  agreement  with  our  previous  findings,  the 
waveforms  show  rather  large  Lg/P  ratios  for  the  earthquakes  and  smaller 
ratios  for  the  nuclear  explosion  tests.  Both  regional  P  and  Lg  signals  for  the 
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Hgure  27.  Locations  of  Lop  Nor  nuclear  explosions  and  nearby  earthquakes  recorded  at  GAR  and  ARU. 


GAR  waveforms 


F 


2 


Unprocessed  vertical-component,  broadband  records  at  GAR  (top)  and 
ARU  (bottom)  for  nearly  co-located  Lop  Nor  explosions  and  earthquakes. 


explosion  records  are  enhanced  at  high  frequencies  relative  to  the 
earthquakes.  Furthermore,  lower-frequency  Rayleigh  waves  appear  to  be 
somewhat  more  prominent  relative  to  the  other  regional  phases  in  the  GAR 
records  for  the  earthquakes  than  for  the  explosion.  The  records  clearly 
include  some  unwanted  noise  which  interferes  with  identification  of  the 
regional  signals  particularly  for  the  smaller  events.  To  enhance  the  signal- 
to-noise  for  these  events,  we  applied  a  high-pass  filter  with  a  comer  at  0.2 
Hz  to  remove  the  microseismic  background  noise.  These  filtered  records 
are  plotted  in  Figure  29.  Although  not  necessarily  optimal,  the  filter  clearly 
improves  the  signal-to-noise  characteristics  of  the  records  especially  for  the 
smaller  magnitude  events.  This  filter  also  retains  very  well  the  amplitude 
levels  and  relation  between  the  principal  regional  phases.  The  only  negative 
aspect  of  the  filtering  is  the  apparent  loss  of  some  of  the  lower  frequency 
Rayleigh  wave  energy  which  is  in  approximately  the  same  frequency  band  as 
the  background  noise. 

Considering  first  the  GAR  records  in  Figure  29,  the  two  earthquake 
records  show  a  remarkable  consistency  in  the  regional  signals  and  are 
notably  different  from  the  record  of  the  nearby  underground  nuclear 
explosion.  The  Lg/P  ratios  differ  by  almost  a  factor  of  ten;  ratios  are  about 
4:1  for  the  earthquakes  and  only  about  1:2  for  the  explosion.  The  regional  P 
signals  consist  of  multiple  phases  which  appear  to  be  repeated  in  both  the 
explosion  and  earthquake  records;  however,  in  the  explosion  the  second  P 
arrival  has  a  much  larger  relative  amplitude.  With  regard  to  Lg  the 
earthquake  records  appear  to  have  considerably  longer  duration  with  larger 
amplitudes  extending  into  the  latter  part  of  the  Lg  window.  There  may  also 
be  some  differences  in  the  frequency  content  of  the  regional  signals;  these 
will  be  described  more  completely  below.  The  ARU  records  in  Figure  29 
also  show  high  consistency  in  the  regional  signals  for  the  two  explosions  and 
one  earthquake.  However,  even  though  the  Lg/P  amplitude  ratio  is  larger 
for  the  earthquake  than  for  the  two  explosions,  the  distinction  is  not  as  great 
as  it  was  for  the  nearer  station.  Thus,  the  Lg/P  ratio  is  slightly  greater  than 
1:2  for  the  earthquake  and  less  than  1:3  for  the  explosions.  It's  possible  that 
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sonw  enhancement  of  these  differences  may  be  achieved  by  additional 
filtering. 

For  seismic  discrimination  the  results  in  Figure  29  suggest  that  there 
are  differences  in  the  Lg  versus  regional  P  excitation  between  underground 
nuclear  explosions  and  earthquakes  which  are  related  to  source  differences. 
However,  the  observations  also  indicate  that  diese  differences  may  be  harder 
to  identify  at  larger  ranges.  For  regional  seismic  monitoring  it  seems 
desirable  that  the  network  include  stations  at  ranges  less  than  2000  km  from 
the  sources;  this  range  of  effective  monitoring  is  likely  to  be  a  function  of 
the  threshold  of  events  which  need  to  be  identified. 


4.3.2  Spectral  Ratios 

As  noted  above,  our  previous  analyses  of  a  large  database  of  Eurasian 
nuclear  explosions  and  earthquakes  recorded  at  the  Chinese  digital  station 
WMQ  had  proven  highly  successful  in  discriminating  these  events  on  the 
basis  of  Lg/P  spectral  differences.  However,  questions  still  remained 
regarding  the  relative  significance  of  propagation  effects  on  these  results.  In 
the  preceding  section  we  attenq)ted  to  allay  this  concern  based  on  analyses  of 
Lg/P  spectral  differences  for  explosions  and  earthquakes  having  an 
approximate  reciprocal  relationship.  An  even  more  direct  approach  to 
resolving  what  effects  are  related  to  source  differences  is  presented  here 
using  the  regional  signals  from  the  08/16/90  Lop  Nor  nuclear  explosion  and 
nearby  01/21/90  and  11/3/90  earthquakes  recorded  at  GAR.  Since  the 
explosion  and  earthquakes  are  located  in  such  close  proximity,  the 
differences  in  the  Lg/P  spectral  ratios  between  these  events  should  be  caused 
by  the  sources.  We  first  show  the  results  of  these  analyses  and  then  speculate 
on  possible  influences  of  transmission  path  differences  for  this  area. 

We  first  computed  regional  phase  spectra  and  Lg/P  spectral  ratios  for 
the  OAR  recordings  in  Figure  29.  These  spectra  are  presented  in  Figures  30 
to  33a.  The  results  indicate  good  signal-to-noise  ratios  for  the  Lop  Nor 
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Figure  30.  Regional  phase  spectra  for  8/16/90  Lop  Nor  underground  nuclear  explosion 
observed  at  GAR. 
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Figure  32.  Regional  phase  spectra  for  1/21/90  earthquake  observed  at  GAR. 


explosion  and  the  larger  of  the  two  earthquakes  up  to  about  7  to  8  Hz  (cf. 
Figures  30  and  31).  However,  the  smaller  earthquake  showed  noise  levels  at 
the  P-wave  amplitude  level  from  about  4  Hz  on  up  (cf.  Figure  32). 
Nevertheless,  we  retained  this  event  due  to  its  very  close  proximity  to  the 
Lop  Nor  test  site.  The  spectra  generally  show  flat  portions  at  low 
frequencies,  below  about  0.5  Hz  followed  by  a  monotonic  decay  toward 
higher  frequencies.  The  regional  P-wave  spectrum  for  the  Lop  Ncr 
explosion  (cf.  Figure  30)  is  exceptional  in  that  a  lobe  of  energy  appears  to 
extend  to  higher  frequencies  above  the  normal  corner. 

The  Lg/P  spectral  ratios  at  GAR  for  all  three  of  the  events  are 
compared  in  Figure  33a.  We  first  note  that  the  Lg/P  spectral  ratios  for  the 
earthquakes  near  Lop  Nor  recorded  at  GAR  are  very  similar  in  character  to 
those  of  the  near-GAR  earthquakes  recorded  at  WMQ  which  we  analyzed  in 
the  reciprocal  experiment  in  a  preceding  subsection  (cf.  Figure  26  above). 
This  remarkable  similarity  provides  additional  credence  to  our  reciprocity 
argument.  Although  fluctuations  in  the  ratios  at  GAR  appear  to  be 
somewhat  greater  than  those  observed  for  stations  WMQ  and  ARU,  the 
earthquake  ratios  lie  well  above  the  explosion  spectral  ratio  over  the  entire 
frequency  band.  The  earthquake  ratios  remain  between  about  0.5  and  3  over 
the  band.  The  explosion  spectral  ratios  show  a  more  rapid,  monotonic 
decline  above  1  Hz  out  to  a  frequency  between  2  and  3  Hz  where  they  again 
start  to  increase.  As  a  result,  the  greatest  difference  between  the  explosion 
and  earthquake  Lg/P  spectral  ratios  for  these  GAR  records  occurs  at  between 
2  and  3  Hz,  The  difference  in  this  frequency  band  is  about  a  factor  of  ten. 
This  occurrence  apparently  coincides  with  the  high-frequency  lobe  in  the 
regional  P-wave  spectrum  from  the  Lop  Nor  explosion  described  earlier  (cf. 
Figure  30).  The  cause  of  this  observation  is  unknown  at  this  time.  One 
possibility  is  a  local  recording  site  effect  associated  with  the  Surkhov  river 
valley;  although  enhancement  of  the  P-wave  signals  in  this  frequency  band  is 
not  very  strong  for  explosions  arriving  at  GAR  from  other  azimuths  or  for 
the  earthquakes  near  Lop  Nor  for  which  the  P  waves  into  GAR  would  have 
very  similar  paths  to  that  of  the  Lop  Nor  explosion.  Another  possibility  is  a 
near-source  effect  (e.g.,  crustal  amplification)  which  affects  the  explosion  P 
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but  nuiy  not  influence  the  deeper  earthquake  sources.  While  this  effect  may 
enhance  the  differences  in  the  Lg/P  spectral  ratios  between  the  Lop  Nor 
explosion  and  nearly  co-located  earthquake  ecorded  at  GAR,  the  more 
general  difference  by  a  factor  of  two  to  four  wUch  persists  over  the  broader 
frequency  band  appears  to  provide  a  robust  discriminai;^  which  is  less  likely 
to  be  masked  by  site  or  propagation  effects. 

Additional  evidence  that  the  observed  differences  in  the  Lg/P  spectral 
ratios  are  more  closely  related  to  source  factors  is  provided  by  the 
observations  at  station  ARU  from  the  nearly  co-located  events.  In  Figure 
33b  we  show  the  Lg/P  spectral  ratios  for  the  8/16/90  Lop  Nor  explosion  and 
the  1 1/03/90  earthquake  observed  at  ARU.  Although  the  S/N  level  is  not  as 
great  at  ARU  as  at  GAR,  particularly  for  the  earthquake,  several  significant 
features  can  be  observed  nevertheless  in  the  Lg/P  spectral  ratios.  In 
particular,  the  Lg/P  ratio  is  greater  for  the  earthquake  than  for  the  explosion 
over  a  fairly  broad  band  from  less  than  1  Hz  to  more  than  4  Hz.  Within  this 
band  Lg/P  differences  between  the  earthquake  and  the  explosion  exceed 
factors  of  ten  in  some  intervals.  More  importantly,  the  explosion  Lg/P 
spectral  ratio  shows  a  sharp  trough  in  the  range  2  to  3  Hz,  similar  to  that 
seen  in  Figure  33a  for  the  same  explosion  at  GAR.  Thus,  out  to 
approximately  4  Hz,  the  Lg/P  spectral  ratios  at  both  stations  from  the  Lop 
Nor  explosion  exhibit  very  similar  behavior  which  seems  to  be  best 
explained  as  a  source  or  near-source  effect.  Some  of  the  differences  at 
higher  frequencies  are  probably  related  to  noise  or  attenuation  effects.  The 
Lg/P  spectral  ratios  for  the  1 1/03/90  earthquake  shown  in  Figures  33a  and 
33b  for  GAR  and  ARU  are  more  different,  although  they  do  maintain  a 
similar  level  well  above  the  explosion  ratios  over  a  broad  band.  Differences 
in  the  spectral  ratios  between  stations  for  the  eartliquake  may  be  related  to 
greater  noise  contamination  in  the  ratios  for  the  smaller  magnitude 
earthquake  at  the  more  distant  station.  However,  propagation  factors  and 
radiation  pattern  in  the  earthquake  source  may  also  play  some  role. 
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Figure  33b.  hj?  spectral  ratios  at  ARU  for  Lop  Nor  nuclear 
earthquake. 


Therefore,  the  results  from  bodi  stations,  GAR  and  ARU,  observing 
the  Lop  Nor  explosions  and  nearly  co-located  earthquakes  appear  to  strongly 
support  the  conclusion  that  differences  in  Lg/P  spectral  ratios  can  be  related 
to  source  or  near-source  phenomenology.  The  observations  suggest  that  the 
differences  may  be  enhanced  in  certain  frequency  bands  and  that  more 
distant  stations  seem  to  provide  a  more  restricted  frequency  window  for 
seeing  such  differences. 


4.3.3  Additional  Analysis  of  Propagation  Effects  on  Lg/P 
Spectral  Ratios 

To  obtain  additional  insight  into  effects  of  transmission  on  the 
robustness  of  the  Lg/P  spectrai  ratio  discriminant  and  to  compare  these 
results  more  directly  with  similar  observations  from  Semipalatinsk  test  site 
events,  we  also  examined  data  from  the  09/14/88  JVE  explosion  recorded  at 
GAR.  Lg/P  spectral  ratios  for  the  Lop  Nor  and  JVE  explosions  are 
compared  in  greater  detail  in  Figure  34.  These  two  explosions  had  roughly 
comparable  teleseismic  body-wave  magnitudes,  and  the  difference  in  the 
range  to  GAR  is  about  200  km  (with  the  Semipalatinsk  test  site  being 
nearer).  We  observe  that  the  spectrai  ratio  from  the  JVE  explosion  is 
considerably  larger  than  that  of  the  Lop  Nor  explosion  over  nearly  the 
entire  frequency  band.  The  difference  is  approximately  a  factor  of  six  at 
low  frequencies  and  decreases  towards  higher  frequencies.  The  simplest 
explanation  for  the  difference  would  appear  to  be  the  difference  in  the 
transmission  path  to  GAR  for  the  two  events.  We  note  that  the  Lg/P  spectral 
ratio  for  the  JVE  at  GAR  is  very  nearly  the  same  as  those  for  the  near-Lop 
Nor  earthquakes  at  GAR.  This  suggests  that  care  needs  to  be  exercised  in 
applying  spectral  ratios  as  discriminants  and  in  accounting  for  propagation 
differences. 

We  can  analyze  the  potential  sensitivities  of  the  Lg/P  spectral  ratio  as  a 
discriminant  in  terms  of  the  effects  of  differences  in  transmission  path  Q  on 
the  results.  If  there  were  no  differences  in  Q  for  the  whole  region 
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Lg/P  spectral  ratios  at  GAR  for  similar-sized  underground  nuclear  explosions  near 
Semipalatinsk  (JVE)  and  Lop  Nor. 


encompassed  by  Semipalatinsk,  GAR,  Lop  Nor  and  WMQ,  we  would 
certainly  expect  the  spectral  ratios  to  be  more  similar.  The  observed 
differences  point  toward  differing  propagation  or  near-station  effects.  We, 
therefore,  examined  for  a  small  data  set  what  differences  in  Q  would  be 
required  to  bring  the  spectral  ratios  for  the  two  stations  into  better 
agreement. 

The  regional  phase  spectra  can  be  corrected  for  a  constant  Q  model 
using  a  factor  of  the  form  exp  |  |  where  f  is  the  frequency  of  the 

signal,  R  is  source-receiver  distance  in  km,  C  is  the  group  velocity  and  Q  is 
the  non-dimensional  quality  factor.  We  will  assume  that  the  spectral  ratio 
computation  for  a  given  path  should  approximately  cancel  out  path  effects 
for  those  parts  of  the  path  which  sample  the  same  volume  of  the  earth. 
Thus,  in  the  case  of  the  Lg/P  spectral  ratios,  the  portions  of  the  earth's  crust 
near  both  source  and  receiver  through  which  the  P-wave  travels  should  be 
essentially  similar  to  that  which  the  Lg  wave  samples.  However,  the  portion 
of  the  P-wave  path  which  lies  in  the  mantle  or  along  the  crust-mantle 
interface  would  be  different  than  that  for  Lg.  We  corrected  the  Lg  spectrum 
using  a  constant  Q  model,  derived  in  previous  analyses  (cf.  Bennett  et  ai, 
199(Hi),  and  then  derived  an  effective  Q  for  the  P  wave  which  would  result 
in  Lg/P  spectra]  ratios  that  would  match  those  calculated.  It  should  be  noted 
thid  this  derived  effective  Q  for  the  P  wave  includes  the  Q  due  to  both 
crustal  and  mantle  propagation,  which  cannot  be  separated  without  data  from 
an  independent  Q  estimate  for  one  or  the  other.  It  represents  the  Q 
differences  attributable  to  the  portions  of  the  P-wave  path  which  are  not 
common  to  the  Lg  path.  If  much  of  the  P-wave  path  is  through  similar 
materia],  we  should  then  be  able  to  take  these  Q  estimates  to  another  seismic 
station  and  determine  what  change  in  Q  for  Lg  would  be  required  to  match 
the  Lg/P  radios  for  a  given  test  site  for  both  receiving  stations. 

We  chose  explosions  from  the  region  around  Semipalatinsk  recorded 
at  stidions  WMQ  and  GAR  for  this  comparison.  From  our  prior  study  we 
had  an  independent  estimate  of  the  Q  for  Lg  over  the  path  between 
Semipalatiflsk  and  WMQ.  This  Q  value  was  estimated  to  be  approxitnately 
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457.  We  corrected  the  Lg  amplitude  spectrum  for  Lg  between  Semipalatinsk 
and  WMQ  using  this  value  and  varied  the  effective  P-wave  Q  to  reproduce 
the  original,  uncorrected  Lg/P  spectral  ratios.  We  found  that  a  value  of 
about  170  for  the  effective  P>wave  Q  matched  the  original  spectral  ratio  well 
over  the  frequency  band  from  0.5  to  8  Hz.  Then,  applying  the  Q  values  for 
P  to  the  explosion  record  at  GAR  and  varying  the  Q  for  Lg  to  achieve  the 
best  visual  fit  (cf.  Figure  35)  between  the  two  spectral  ratios  produced  a 
value  of  about  470  for  the  effective  Q  of  Lg  for  the  Semipalatinsk  to  GAR 
path.  It  should  be  noted,  however,  that  the  Lg/P  spectral  ratio  for  GAR 
above  about  4  Hz  could  not  be  made  to  match  with  any  reasonable  Q  values 
while  keeping  the  portion  below  4  Hz  in  nominal  agreement. 

We  also  analyzed  the  relative  sensitivity  of  the  Lg/P  spectral  ratios  to 
the  Q  values  for  Lg  and  P.  For  this  analysis  Lg  Q  values  were  fixed  at  450 
for  both  records  and  the  effective  Q  for  P  was  varied  to  arrive  at  a  visual 
match  between  the  Lg/P  spectral  ratios.  We  found  that,  to  produce  a 
reasonable  match,  much  larger  variations  in  the  Q  value  for  P  were  required 
and  these  often  appeared  physically  unreasonable  (viz  on  the  order  of  25  to 
40).  Furthermore,  these  corrections  did  not  make  the  fit  any  better  than  that 
achieved  by  the  relatively  small  variations  in  the  Q  for  Lg.  Based  on  these 
analyses  we  conclude  that  the  Lg/P  spectral  ratio  discriminant  is  more 
sensitive  to  variations  in  the  propagation  path  affecting  Lg  than  to  variations 
affecting  regional  P.  This  observation  is  further  supported  by  examining  the 
spectral  ratio  of  the  regional  P  observed  at  GAR  to  that  observed  at  WMQ 
from  the  JVE  explosion.  This  ratio  is  shown  in  Figure  36.  Over  the 
frequency  range  from  about  1  to  6  Hz,  the  P/P  ratio  is  essentially  constant  at 
a  value  near  one,  indicating  that  there  is  no  substantial  Q  difference  for  the 
two  P-wave  paths. 

All  of  these  observations  taken  together  indicate  that  the  reason  for  the 
difference  in  the  observed  Lg/P  ratios  for  the  JVE  at  different  stations  are 
due  to  variations  in  the  Lg  propagation.  In  particular,  the  Lg  signals  which 
travel  the  path  from  Semipalatinsk  to  WMQ  appear  to  be  deficient  in  energy 
between  about  4  Hz  and  8  Hz.  One  simple  explanation  of  this  could  be  that 
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^pAgAdon  across  the  Dzuagarian  Basin  tends  to  filter  out  Lg  waves  in  a 
ntttow  frequency  band  centered  on  6  Hz.  Other  variations  in  the  Lg/P 
rados,  such  at  the  minima  near  4  to  5  Hz  at  GAR«  may  be  site  effects.  We 
therefore  conclude  that,  although  we  seem  to  have  clear  evidence  of  the 
dilcfiminadon  potendal  of  Lg/P  specn-al  ratios,  the  expected  behavior  of  the 
mdo  baeed  on  experience  from  one  region  should  not  be  extrapolated  into  a 
different  region  without  accounting  for  the  effects  of  seismic  wave 
propagation. 
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V.  REGIONAL  DISCRIMINATION  ANALYSES 
OF  SELECTED  EVENTS  NEAR  THE 
SEMIPALATINSK  TEST  SITE 


5.1  Background 

As  has  been  described  in  previous  reports  (cf.  Rodean,  1979;  OTA, 
1988;  Bennett  et  al.,  1989),  the  region  surrounding  the  Soviet  underground 
nuclear  explosion  test  site  near  Semipalatinsk  is  generally  aseismic  with 
respect  to  natural  earthquake  activity.  Seismic  discrimination  for  events  in 
this  or  similar  areas  presents  a  special  problem.  In  such  regions  methods 
cannot  be  tested  using  a  strictly  case-based  approach  which  requires  direct 
comparison  of  seismic  signals  from  events  of  different  types  located  within 
the  same  source  region.  Instead,  a  model-based  procedure  which  relies  on 
experience  from  calibrated  source  regions  can  be  applied  to  event 
identification. 

With  regard  to  regional  seismic  discrimination,  in  previous  reports 
(cf.  Bennett  et  al,  1989,  1990a,  1991)  and  in  preceding  sections  of  this 
report,  S-CUBED  has  defined  and  tested  a  variety  of  regional  discriminants 
based  on  relative  amplitude  and  spectral  comparisons  of  regional  phase 
signals  from  explosions  and  earthquakes.  Based  on  our  prior  analyses,  we 
have  concluded  that  the  differences  observed  in  regional  phase  spectral  ratios 
(viz  Lg/P)  are  related  in  large  measure  to  source  differences.  An  important 
test  of  this  regional  discrimination  model  would  be  its  performance  on 
events  in  the  vicinity  of  the  Semipalatinsk  test  site. 

In  this  section  we  evaluate  the  performance  of  the  relative  amplitude 
and  spectral  comparisons  of  regional  phase  signals  for  two  event  sets.  The 
first  set  includes  a  typical  underground  nuclear  explosion  at  the 
Semipalatinsk  test  site  (viz  02/12/89)  with  a  magnitude  of  5.8  mb  and  an 
earthquake  located  at  51.0°N  84.2®E  on  the  same  date  with  a  magnitude  of 


83 


4.6  mb-  This  earthquake  is  the  closest  natural  event  to  the  Semipalatinsk  test 
site  for  which  we  have  good  regional  signals  in  the  database  (viz  at  station 
WMQ).  The  second  event  set  which  we  analyzed  included  two  events  of 
more  comparable  magnitudes  with  a  slightly  larger  sepmation  of  epicenters 
which  produced  good  regional  phase  signals  at  all  six  stations  (viz  WMQ, 
GAR,  ARU,  HIA,  KTV  and  OBN).  The  explosion  in  this  latter  set  is  the  JVE 
shot  (viz  09/14/88)  at  Balapan  with  a  magnitude  of  6.3  mt  and  an  earthquake 
(viz  06/14/90)  located  at  47.9®N  85.1®E  with  a  magnitude  of  6.1  mb. 


5.2  Discrimination  of  Events  Near  Semipalatinsk  Recorded  at 

WMQ 

In  our  previous  regional  discrimination  analyses  of  underground 
nuclear  explosions  and  earthquakes  recorded  at  WMQ  (cf.  Bennett  et  ai, 
1990a),  we  used  explosions  at  the  Semipalatinsk  test  site  and  earthquakes 
coming  from  a  variety  of  locations  principally  along  the  southern  Soviet 
border  and  in  western  China.  Although  the  earthquakes  tend  to  have 
somewhat  different  propagation  paths  than  the  explosions,  by  including 
earthquakes  from  a  variety  of  locations  and  azimuths  any  bias  effects  related 
to  specific  paths  from  particular  source  aieas  should  tend  to  be  averaged  out. 
Therefore,  observed  differences  in  regional  phase  signal  characteristics,  such 
as  those  seen  in  Lg/P  spectral  ratios  at  WMQ,  should  be  related  to  source 
differences. 

To  further  test  this  concept  for  events  recorded  at  WMQ,  we  analyzed 
the  signals  from  the  nuclear  explosion-earthquake  pair  on  02/12/89, 
described  above.  The  two  event  epicenters  are  separated  by  about  400  km  as 
shown  in  Figure  37.  The  distances  of  the  explosion  and  the  earthquake  from 
WMQ  are  1040  km  and  850  km,  respectively.  Propagation  paths  from  the 
two  events  have  nearly  common  segments  within  the  Dzungarian  Basin  and 
Foldbelt.  The  main  differences  in  the  paths  appear  to  be  in  their  initial 
segments  where  the  explosion  path  traverses  the  relatively  gentle  Balkhash- 
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Chingiz  Faidbelt  while  the  earthquake  path  is  through  the  more  severe  Altay 
FoMbelt. 

Figure  38  shows  the  vertical-component  broad-band  records  obtained 
at  WMQ  for  these  two  events.  There  are  several  obvious  differences  in  the 
regional  signals  between  the  events  For  the  explosion  the  regional  P  is  quite 
distinct,  large  and  complex.  In  contrast,  for  the  earthquake  the  P  phase  is 
weak.  In  both  cases  the  P  phase  appears  to  include  relatively  high-frequency 
energy  and  is  extended  in  duration.  The  Lg  signal  is  the  maximum 
amplitude  regional  phase  on  these  broad-band  recordings  for  both  events; 
roughly  the  first  75  seconds  of  the  Lg  windows  look  very  similar  for  the  two 
events.  For  the  explosion  the  latter  portion  of  the  Lg  window  is  much  larger 
and  m(»e  complex  than  for  the  earthquake  apparently  containing  additional 
high-frequency  energy.  In  addition,  the  explosion  record  includes  strong, 
highly-dispersed  fundamental-mode  Rayleigh  waves  which  are  only  weakly 
seen  in  the  earthquake  record. 

We  performed  spectral  analyses  on  the  regional  signals  for  the  records 
in  Figure  38  and  computed  Lg/P  spectral  ratios.  The  procedures  in  these 
analyses  were  the  same  as  those  previously  performed  on  the  WMQ  data  and 
essentially  the  same  as  those  described  in  previous  sections  of  this  report. 
The  Lg/P  spectral  ratios  for  the  Semipalatinsk  explosion- earthquake  pair 
recorded  at  WMQ  are  shown  in  Figure  39.  For  the  underground  nuclear 
explosion  shown  at  the  top,  the  Lg/P  ratio  is  broadly  peaked  at  a  value  near 
ten  over  the  frequency  band  from  0  to  1  Hz.  Above  1  Hz  the  Lg/P  ratio  falls 
off  rapidly  and  monotonically  approaching  a  level  near  0.1  at  6  Hz.  In 
contrast,  the  earthquake  Lg/P  ratio  shown  at  the  bottom  of  Figure  39  is 
rather  sharply  peaked  near  0.5  Hz  and  falls  off  more  gradually  toward 
higher  frequencies.  The  ratio  begins  to  level  off  in  the  frequency  range  2  to 
3  Hz  and  reaches  a  minimum  level  near  0.6  at  6  Hz.  Comparison  of  the  two 
curves  shows  that  the  Lg/P  spectral  ratio  for  the  earthquake  lies  above  that 
of  the  explosion  over  nearly  the  complete  frequency  band  shown  in  the 
figure.  The  greatest  differences  appear  to  occur  in  the  frequency  range  2  to 
6  Hz  wtwre  the  two  curves  are  separated  by  a  factor  of  roughly  five  to  six. 
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Figure  38.  Broad-band,  vertical-component  records  at  WMQ  from  nuclear  explosion  at  Semipalatinsk  (Balapan)  and  nearby 
earthquake. 
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Figure  39.  LJ?  spectral  ratios  at  WMQ  for  Semipalatinsk 
explosion  (top)  and  nearby  earthquake  (bottom). 
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Thus,  from  the  standpoint  of  regional  discrimination,  this 
Semipalatinsk  explosion-earthquake  pair  behave  similarly  to  events 
previously  analyzed.  We  would  conclude  from  this  that  Semipalatinsk 
underground  nuclear  explosions  could  be  discriminated  on  the  basis  of  Lg/P 
spectral  ratios  from  the  earthquake  nearest  the  test  site,  for  which  high- 
quality  digital  data  are  currently  available.  Although  some  propagation  path 
differences  still  exist  even  for  this  pair,  based  on  evidence  presented 
throughout  this  report,  we  strongly  believe  that  source  effects  and  not  path 
differences  control  this  observation. 


5.3  Discrimination  of  Events  Near  Semipalatinsk  Recorded  at 

All  Regional  Stations 

Many  of  the  regional  discrimination  analyses  conducted  in  the  past 
have  relied  on  measurements  at  only  one  or,  in  some  cases,  a  few  stations. 
Considering  that  earthquake  sources  are  expected  to  produce  radiation 
patterns  in  the  regional  phase  signals  and  that  propagation  may  alter  regional 
signal  behavior  along  particular  paths,  observations  based  on  only  a  few 
stations  could  lead  to  non-representative  results  and  uncertainty  about  the 
applicability  of  the  techniques.  Therefore,  it  is  highly  desirable  for  regional 
discrimination  to  incorporate  measurements  from  a  network  of  stations  at  a 
wide  range  of  azimuths  from  the  source. 

Unfortunately,  many  of  the  events  in  our  database  have  been  recorded 
at  a  limited  number  of  stations.  This  is  particularly  true  for  many  of  the 
smaller  events  which  often  produce  identifiable  regional  signals  at  only  one 
or  two  of  the  nearest  stations.  As  noted  above,  we  succeeded  in  identifying  a 
pair  of  larger  events,  including  an  explosion  and  an  earthquake,  which  were 
well  recorded  at  all  six  stations  in  our  regional  network.  The  two  events 
(viz  the  09/14/88  JVE  explosion  and  the  06/14/90  earthquake)  in  this  pair 
have  epicenters  separated  by  approximately  510  km  (cf.  Figure  37  above). 
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The  distances  to  the  stations  range  from  SOO  km  to  3400  km,  and  the  greatest 
azimudml  gap  in  station  coverage  is  about  130  degrees  at  northerly  azinmdis. 

Figure  40  shows  the  broad-band  vertical-conqmnent  records  at  all  six 
stations  for  the  two  events  arranged  approximately  in  order  of  increasing 
epicentral  distance.  For  the  explosion  records  at  the  top,  the  regional  P 
phase  is  a  large  signal  with  a  distinct  onset  at  all  stations.  The  P  signals  in 
almost  all  cases  include  secondary  arrivals  which  contribute  to  an  extended 
duration  which  appears  quite  similar  from  station  to  station.  In  contrast,  the 
P  signals  for  the  earthquake  (at  the  bottom)  appear  relatively  weak  and 
emergent  at  most  stations  and  seem  to  contain  less  high-frequency  energy 
than  the  corresponding  explosion  signals.  T!:  '.  black  circles  mark  the 
^^roximate  start  of  the  Lg  windows  at  a  group  velocity  of  3.6  km/sec.  TIk 
Lg  signal  is  iqpparent  in  the  explosion  records  at  most  stations  except  KIV 
where  its  transmission  may  be  blocked  by  structures  related  to  the  Caspian 
Sea,  as  described  elsewhere  in  this  report.  For  the  earthquake  records  the 
Lg  is  strong  at  all  stations  and  appears  to  include  a  relatively  greater 
proportion  of  low-frequency  energy  compared  to  the  explosions,  except  at 
the  nearest  station,  WMQ.  The  lower-ftequency  Lg  signals  are  even  seen 
for  the  path  to  KIV  suggesting  that  the  Caspian  Sea  structures  are  more 
effective  in  blocking  higher  frequency  Lg  signals. 

With  regard  to  discrimination  the  Lg/P  anq)litude  ratios  seen  on  the 
broad-band  records  are  in  almost  all  cases  larger  fw  the  earthquake  records 
than  for  the  explosions.  The  only  ambiguities  are  the  signals  at  the  two 
nearer  stations,  WMQ  and  GAR.  where  the  Lg/P  ratios  are  of  similar  size 
for  b<Hh  events.  This  observation  suggests  that  broad-band  single-station 
fneaturements  nmy  not  always  provir^  reliable  regional  discrimination,  and 
we  may  need  to  apply  more  sophisticated  spectral  techniques  or  use 
measurements  from  a  broader  regional  network  of  stations.  There  is 
considerable  variability  in  the  broad-band  Lg/P  ratios  between  statitnis  uiiich 
is  influenced  no  <k>ubt  to  a  large  measure  by  pn^agation  path  diffnences. 
Thus,  Lg/P  ratios  are  in  the  range  from  0.12  to  2.42  for  the  explosion 
records  and  in  the  range  from  1.32  to  32.7  the  earthquake  records. 
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Averaged  over  all  six  stations,  the  Lg/P  ratio  is  much  larger  for  the 
eaithquake  than  for  the  explosion,  11.1  versus  1.31. 

We  confuted  regional  phase  spectra  and  Lg/P  spectral  ratios  for  each 
of  the  six  station  records  for  the  JVE  explosion  and  the  06/14/90  eaithquake. 
Hie  Lg/P  s{:^ctral  ratios  at  each  station  for  the  two  events  are  compared  in 
l^gures  41-46.  Although  die  spectral  ratios  vary  considerably  in  appearance 
from  shitioil  to  station,  there  are  several  notewordiy  consistencies.  In  nearly 
all  cases  the  Lg/P  spectral  ratios  st^  out  at  values  near  ten  in  the  frequency 
range  below  1  Hz.  A  notable  exception  is  the  KIV  spectral  ratio  for  the  JVE 
explosion  in  Figure  45.  There  the  simplest  explanation  would  seem  to  be 
blockage  of  the  Lg  by  geologic  structure  associated  with  the  Caspian  Sea. 
However,  diere  dbes  seem  to  be  Lg  energy  in  this  same  frequency  band  at 
KTV  for  the  earthquake  which  has  only  a  slightly  different  propagation  path 
crossing  the  Caspian  Sea.  It  is  also  somewhat  surprising  that  the  Lg/P  ratio 
in  this  band  is  relatively  low  for  the  earthquake  at  WMQ  considering  the 
proximity  of  the  source  and  station.  Perhaps  this  latter  observation  is  caused 
by  a  relatively  strong  crustal  P  phase  from  the  earthquake.  Another 
consistency  in  the  Lg/P  ratios  is  diat  they  tend  to  fall  off  monotonically 
dbdVe  about  0.5  kz.  This  is  trite  for  both  the  explosions  and  the 
earthquakes,  but  fdt  the  earthquakes  the  decrease  tends  to  be  more  gradual. 
At  thfee  bf  die  more  distant  stations  (viz  HlA,  KIV  and  OON)  the  Lg/P 
tatios  tend  to  reach  a  minimum  near  2  Hz  and  then  increase. 

With  regard  to  dilffeiences  in  the  Lg/F  spectral  ratios  between  the 
ekplosion  and  the  earthquake  at  individual  stations,  perhaps  the  clearest 
di^erehce  is  at  wheit  the  Lg/P  ratio  for  the  earthquake  lies  Well 

above  that  for  the  explosion  at  frequencies  above  about  1  Itz.  This  behavior 
is  generally  consistent  With  the  experience  we  have  reported  previously  as 
Well  as  aiirewherie  in  this  report.  Lg/P  ratios  are  also  seen  to  be  lai^r  for 
the  earthqnakOs  than  the  explosions  over  relatively  broad  bands  at  stations 
Afttii  kiV,  bBN  and  HlA.  However,  at  these  stations  there  are  also 
intermediate  freqttency  bands  in  which  the  Lg/P  ratios  overlap.  Hie  least 
diiftetence  in  the  Lg/P  spectral  ratios  for  the  JVE  and  06/14/90  eardiquake 
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L ^  spectral  ratios  at  WMQ  for  Semipalatinsk  JVE 
explosion  (top)  and  nearby  earthquake  (bottom). 
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spectral  ratios  at  GAR  for  Semipalatinsk  JVE 
explosion  and  nearby  earthquake. 
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jPigure  44-  I'/P  spectral  ratios  at  HIA  for  Semipaiatinsk  JVE 
explosion  (top)  and  nearby  earthquake  (bottom). 
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occurs  at  GAR.  Based  on  the  comparison  in  Figure  42,  these  two  events 
would  be  impossible  to  discriminate  at  GAR  on  the  basis  of  Lg/P  spectral 
ratios.  However,  looking  back  at  the  regional  waveforms  at  GAR  for  these 
two  events  (cf.  Figure  40  above),  there  would  appear  to  be  significant 
differences  in  the  frequency  content  of  the  individual  regional  phases  Lg,  S 
and  P  phases  for  these  events  which  could  assist  in  their  identification. 

Therefore,  with  regard  to  regional  discrimination,  we  would  conclude 
from  the  large  network  observations  of  the  09/14/88  JVE  explosion  and  the 
06/14/90  earthquake  that  Lg/P  spectral  ratios  may  not  always  be  effective  as 
discriminants  at  a  lone  station.  However,  by  analyzing  the  results  from  a 
network  of  regional  stations,  the  Lg/P  spectral  ratios  should  be  successful. 
In  addition,  it  would  be  worthwhile  to  consider  alternative  regional 
discriminant  measures  at  those  stations  where  Lg/P  ratios  may  fail. 
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VI.  CONCLUSIONS  AND  RECOMMENDATIONS 


6.1  Conclusions 

Over  the  past  several  years,  S-CUBED  has  conducted  a  research 
program  under  DARPA  sponsorship  aimed  at  increasing  the  discrimination 
capability  offered  by  regional  seismic  monitoring.  This  research  has 
produced  a  number  of  important  findings  and  a  valuable  regional  database 
for  use  in  future  work.  In  particular,  early  investigations  of  NTS  explosions 
and  nearby  earthquakes,  recorded  at  VELA  array  ^d  Lawrence  Livermore 
National  Laboratory  stations,  discovemd  a  ew  discriminant  for  nuclear 
explosions  and  earthquakes  based  on  spectral  differences  detected  in  their 
regional  signals.  In  subsequent  studies  we  have  extended  and  ad^ted  this 
spectral'based  regional  discriminant  to  events  in  the  former  Soviet  Union 
and  Eurasia  using  the  various  available  seismic  data  sources,  including  most 
recently,  CDSN  and  Soviet  IRIS  station  data.  The  large  digital  database 
accumulated  in  the  course  of  the  S-CUBED  research  program  includes 
iq)proximately  2000  high-quality  regional  waveforms  for  some  400  events  in 
a  wide  variety  of  tectonic  settings.  This  database  could  provide  a  valuable 
resource  for  testing  the  performance  of  alternative  regional  discriminant 
measures  and  their  sensitivity  to  the  tectonic  environment. 

The  most  recent  phase  of  our  research  program  presented  in  this 
report  has  provided  several  significant  findings  with  regard  to  the  behavior 
of  regional  seismic  signals  from  Eurasian  events  and  the  feasibility  of 
extending  regional  seismic  discrimination  techniques  into  those  areas.  In 
particular,  our  results  show  that  regional  stations  in  Eurasia  can  furnish 
valuable  data  for  use  in  identification  of  events  in  these  areas.  A  properly 
designed  network  of  such  stations  could  permit  monitoring  of  seismic 
activity  throughout  the  region  to  a  very  low  threshold  depending  on  the 
number  of  stations  and  their  proximity  to  the  sources. 
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First,  with  regard  to  the  database,  our  studies  have  shown  that  good 
quality  regional  P  and  Lg  signals  can  be  observed  out  to  fairly  large  regional 
distances  for  events  throughout  much  of  Eurasia  as  recorded  at  the  Soviet 
IRIS  and  CDSN  stations.  The  database  currently  assembled  includes  38 
underground  nuclear  explosions  and  68  regional  earthquakes.  In  some 
instances  Lg  signals  are  discernible  on  the  records  to  ranges  in  excess  of 
4000  km  for  paths  crossing  the  Eurasian  continent.  On  the  other  hand,  some 
tectonic  structures  are  seen  to  block,  or  severely  attenuate,  Lg  signals.  Our 
data  show  regions  of  blockage  surrounding  the  Caspian  and  Black  seas  and 
possibly  extending  in  some  areas  along  the  southern  border  of  the  former 
Soviet  Union.  We  have  performed  several  types  of  regional  discrimination 
measurements  on  these  data  and  have  concluded  that  in  most  cases  the 
measurements  can  be  separated  on  the  basis  of  source  type.  We  believe  the 
database  as  a  whole  provides  a  valuable  resource  for  testing  and  refining  a 
wide  variety  of  potential  regional  discrimination  techniques  for  application 
to  Eurasian  events.  In  addition,  the  database  can  be  used  to  develop 
modifications  to  regional  discrimination  techniques  which  may  be  needed  to 
permit  their  reliable  extension  into  distinct  tectonic  regions  within  the 
Eurasian  continent. 

With  regard  to  specific  regional  discriminant  measurements,  we  have 
found  that  the  observations  in  this  report  strongly  support  broadband  Lg/P 
amplitude  and  Lg/P  spectral  ratio  measurements  as  discriminants  for  events 
in  Eurasia.  In  particular,  the  results  presented  here  for  different  types  of 
events  with  nearly  common  propagation  paths  are  convincing  evidence  that 
differences  in  the  source  types  contribute  strongly  to  the  distinctions 
observed  in  the  ratios.  For  the  common  path  events,  we  found  that  the 
broadband  Lg/P  ratios  were  greater  for  the  earthquakes  than  for  the 
explosions;  and  the  corresponding  spectral  ratios  suggested  that  these 
differences  were  frequently  greatest  within  certain,  limited  frequency  bands. 
This  is  not  to  say  that  propagation  factors  do  not  also  affect  the  Lg/P 
measurements;  we  indeed  see  propagation  effects  and,  in  fact,  have  described 
in  the  report  how  the  signal  spectra  might  require  adjustment  when 
comparing  events  with  distinct  paths.  However,  on  the  positive  side,  we 
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fbuiid  that  the  regional  signals  observed  at  the  Soviet  UlIS  stations  were 
remarkably  similar  for  events  of  a  conunon  source  type  even  if  the  events 
are  somewhat  sejiarated.  This  suggests  that  regional  discriminants  which  are 
effective  for  seme  events  in  an  area  are  likely  to  be  effective  for  others,  and 
the  geographical  region  over  which  this  conclusion  applies  may  be  quite 
large. 


in  addition  to  these  more  general  conclusions,  we  can  identify  several 
additional  observations  regarding  the  research  presented  in  this  report: 

*  Broadband  Lg/P  ratios  and  Lg/P  spectral  ratios  for  a  large  sample 
of  Semipalatinsk  explosions  and  regional  earthquakes  at  ARU  agree 
on  average  with  previous  findings  that  die  rados  tend  to  be  larger 
for  earthquakes. 

*  Selected  nearby  events  in  the  vicinity  of  Semipaladnsk  show  the 
same  tendency  for  distinction  in  broadband  Lg/P  and  Lg/P  spectral 
ratios  based  on  source  type.  However,  in  some  cases  the 
differences  at  individual  stations  may  be  weak  or  shifted  in 
frequency;  so  that  observations  from  a  multiple  station  network 
would  (lermit  greater  discernment  of  differences. 

*  Lg  blockage  associated  with  structures  near  the  Caspian  Sea  appears 
to  extend  well  beyond  the  surface  geographic  expression.  It  may 
he  possible  to  use  the  Lg  observations  to  map  the  limits  of  the 
responsible  structute. 

*  Although  transmission  across  the  Caspian  structure  blocks  Lg,  the 
data  show  Lg  is  not  effectively  blocked  by  the  transition  from 
inside  to  outside  the  depression,  this  appears  to  suggest  that 
transmission  into  the  basin  structure  is  the  cause  of  the  blockage. 
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•  Blockage  of  Lg  signals  by  the  Caspian  structures  may  be  more 
effective  at  higher  frequencies,  which  could  explain  blockage  of 
explosion  Lg  but  not  earthquake  Lg  crossing  at  the  same  azimuth. 

•  The  useful  frequency  band,  with  S/N  greater  than  one,  for  regional 
P  and  Lg  signals  recorded  at  the  Soviet  IRIS  stations  appears  to  be 
more  limited  for  smaller  events  and  at  larger  ranges.  This  suggests 
that  discriminant  measures  requiring  broader  band  observations  to 
discern  differences  will  be  most  effective  if  the  regional  network  is 
sufficiently  dense  that  an  actequate  frequency  band  of  the  signal  can 
be  detected  above  the  background  noise. 

•  Some  stations  in  the  Soviet  IRIS  and  CDSN  networks  record  good 
regional  signals  from  events  beyond  the  Soviet  borders,  including 
Iran,  Iraq,  Pakistan  and  China,  which  suggests  these  networks 
would  have  value  for  monitoring  other  areas  of  Eurasia  for 
clandestine  testing. 


6.2  Recommendations 

The  research  described  in  this  report  has  identified  several 
opportunities  where  further  investigation  would  produce  significant 
improvements  in  existing  capabilities  to  discriminate  Eurasian  events  using  a 
regional  network.  Considering  the  high  quality  of  the  regional  signals 
observed  at  stations  in  the  Soviet  IRIS  and  CDSN  networks  from  Eurasian 
events,  we  believe  the  available  database  can  provide  a  valuable  source  for 
further  testing  of  regional  discrimination  methods.  Additional  regional 
discriminant  measurement  techniques  should  be  applied  to  these  data  and 
analyzed  to  test  their  effectiveness  and  identify  potential  problem  areas  for 
interpretation  of  future  results. 

The  analyses  presented  here  and  elsewhere  show  that  regional  seismic 
signals  may  be  strongly  influenced  by  propagation  path  structure.  Data 
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being  collected  from  the  Soviet  IRIS  and  CDSN  stations  should  be  used  to 
better  define  the  propagation  environment  for  regional  phases  throughout 
Eurasia.  In  particular,  regional  variations  in  attenuation  properties  and 
possible  localized  zones  of  blockage  associated  with  structural  discontinuities 
should  be  detemuned.  The  database  which  has  already  been  developed  here 
provides  coverage  throughout  much  of  the  Eurasian  continental  area,  which 
is  of  interest.  Additional  analyses  should  be  performed  on  these  data  to 
identify  and  quantify  variations  in  the  transmission  properties  for  regional 
phases,  particularly  P  and  Lg,  throughout  the  area. 

The  Lg/P  ratio  and  Lg/P  spectral  ratio  discriminant  measures  need  to 
be  refined  to  provide  more  quantitative  assessments  of  the  probability 
associated  with  event  categorization.  For  this  purpose  we  believe  that  a 
neural  network  analysis  should  be  applied  to  the  database  with  the  output 
assessed  in  terms  of  the  probability  that  the  event  corresponds  to  a  particular 
source  type  (viz  nuclear  explosion  or  earthquake  ).  In  addition,  the 
effectiveness  of  adjustments  to  the  discriminant  measures,  based  on  the 
variations  in  the  regional  propagation  properties  described  above,  should  be 
analyzed  in  the  context  of  this  neural  network  approach. 

Finally,  the  monitoring  capability  of  these  high-quality  regional 
networks  for  events  in  other  areas  of  Eurasia,  which  may  be  of  interest  from 
the  standpoint  of  nuclear  weapons  proliferation,  should  be  assessed.  We 
have  already  demonstrated  that  stations  in  the  networks  detect  strong 
regional  phase  signals  from  events  in  countries  like  Iran,  Iraq,  Pakistan, 
India  and  China.  Events  currently  in  the  database  from  these  and  other  areas 
of  interest  should  be  supplemented  with  additional  data.  A  systematic 
analysis  should  then  be  performed  to  determine  detection  and  identification 
thresholds  for  events  in  the  areas  of  interest. 
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